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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 

1
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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]. 
  

crystalline background

written amorphous mark

growth(b)nucleation 
and growth

(a)

crystalline background

written amorphous mark

growth(b)nucleation 
and growth

(a)

 
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. 
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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. 



Introduction 

 11

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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CHAPTER 2 

Experimental procedures 
In this chapter, details of sample preparation techniques and experimental methods used 

to characterize the samples are presented. DC or RF magnetron sputtering was used to 

deposit thin films of various materials including the phase-change materials. The major 

analytical techniques employed in our investigation are transmission electron 

microscopy (TEM), atomic force microscopy (AFM) and a homebuilt current-voltage (IV) 

measurement setup. For most of the measurements except those with TEM, the layers 

were deposited on silicon substrates. For TEM measurements the following types of 

substrates were used; (i) silicon substrates containing silicon nitride windows, and       

(ii) copper grids containing carbon coatings. Scanning electron microscopy (SEM) was 

used to examine the AFM probes and electrical contacts of the memory cell structures. 

2.1. CHOICE OF SUBSTRATES 

When analyzing thin films, the selection of the substrate material depends primarily on 

the type of measurements the films will be subjected to. Besides this, the substrate 

materials should include in general the following qualities: i) chemical inertness to the 

deposited films, ii) good mechanical stability, iii) good compatibility to the deposition 

process and all other subsequent processing or handling necessary for the use of the 

films. The nature and surface finish of the substrates are important because they influence 

the film properties and also the measurements to a certain extent. For example, 

conductive atomic force microscopy requires samples with smooth surfaces for acquiring 

reliable and high resolution results. We used commercially available plain (500 µm thick) 

silicon wafers with surface (RMS) roughness around 1 nm to deposit thin films for AFM 

measurements. Prior to deposition, the Si substrates were cleaned using the following 

steps:  

1) Cleaned with soap solution and rinsed with distilled water. 

2) Ultrasonic agitation in distilled water for 10 to 15 minutes. 
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3) Cleaning with acetone using ultrasonic agitation for 10 to 15 minutes. 

4) Rinsing and ultrasonic cleaning with distilled water for 10 to 15 minutes. 

5) Ultrasonic cleaning with ethanol for about 10 minutes. 

6) Finally vapor degreased by isopropanol at 60 to 70oC for about 30 minutes. 

Since electron transparent substrates are required for TEM studies, carbon coated Cu 

grids or silicon substrates containing silicon nitride (Si3N4) windows were used. These 

substrates (Cu grids are commercially available and silicon nitride windows were 

received from Philips, Eindhoven) did not require any further cleaning. Copper grids 

provided better heat conduction (between the heating stage and the film) than the Si3N4 

windows in annealing experiments with the TEM. More specific details about the 

substrates are given in the experimental parts of each chapter. 

2.2. MAGNETRON SPUTTERING METHOD 

2.2.1. Introduction 

Magnetron sputtering is the widely used technique in phase-change memory device 

fabrication, not only to deposit the phase-change films but also the dielectric capping 

layers, metallic reflective layers, etc. DC or RF magnetron sputtering technique is 

employed depending on the material type. Typically, metallic or semi-metallic materials 

layers are coated using DC magnetron sputtering and dielectric materials by RF 

magnetron sputtering. The basic concepts of sputtering, DC magnetron and RF 

magnetron sputtering are briefly explained in the following. 

2.2.2. Sputtering 

Sputtering is a physical process involving removal of fractions of a material called as 

sputtering target, and subsequent deposition onto a substrate. Sputtering is achieved by 

bombarding the target surface with ions under high voltage acceleration. As a result of 

the ion impingement, atoms (or occasionally molecules) are ejected from the target 

surface due to the momentum transfer by the impinging ions. Sputtering takes place 

usually at low pressures, typically in a range between 10-4 and 10-2 mbar. The 

bombarding ions are formed by a glow discharge process, where inert gas atoms are 

ionized by an electric discharge to form plasma. Plasma can be defined as a gas with 
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charged and neutral particles, for example, electrons, positive ions, atoms and molecules. 

Overall the plasma is charge neutral. Plasma is usually created with argon gas which is 

fed into the sputtering chamber. Due to the natural cosmic radiation, there are always 

some ionized Ar+ ions present in the chamber to the ignite plasma.  
 

Sputtering target

Substrate

Growing film

Ar

Negative bias

To pump

ē

Ar+

Sputtering gas
Sputtering target

Substrate

Growing film

Ar

Negative bias

To pump

ē

Ar+

Sputtering gas

 
Fig. 2.1. Schematic of a simple sputtering setup with Ar as sputtering gas 

 
In DC sputtering, the target is negatively biased (typically up to few hundred volts) to 

attract Ar+ ions from the plasma and make collisions on the target surface. These 

attracted Ar+ ions also responsible for the production of secondary electrons which cause 

further ionization of the sputtering gas. A sufficient ionization rate is required to sustain a 

stable plasma. One of the ways to increase the ionization probability is increasing the 

partial pressure of the sputtering gas (i.e., increasing the gas pressure, more collisions 

result in the formation of more ions). Increased ion current to the target results in higher 

depositions rate. However, at very high pressures, sputtered target atoms get scattered 

before reaching the target. This reduces the deposition rate. Therefore a peak in the 

deposition rate versus pressure curve occurs (and for Ar ions this is around 110 mTorr). 

Schematic of a DC sputtering setup with Ar sputtering gas is shown in Fig. 2.1. 

2.2.3. Magnetron sputtering 

In order to get a reasonable deposition rate, a sputtering chamber must operate at 

relatively high pressures, which mean that there is a fairly high concentration of 

impurities in the gas. Also, at high pressures there is a lot of interaction between gas 

molecules and chamber walls resulting in increased contamination from the walls. One of 
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the effective solutions to minimize these problems is using a magnetron. In magnetron 

sputtering, the use of a magnetic field to trap electrons around the target gives a higher 

deposition rate at lower pressures. 

The fraction of ions in plasma is significantly less than the total concentration of gas 

atoms (typical ion densities in plasma are about 0.0001%). In general, this leads to 

reduced deposition rates of sputtering as compared with evaporation. Magnetrons make 

use of the fact that a magnetic field configured parallel to the target surface can constrain 

the motion of secondary electrons ejected by the bombarding ions, to a close vicinity of 

the target surface. An array of permanent magnets is placed behind the sputtering source. 

The magnets are placed in such a way that one pole is positioned at the central axis of the 

target, and the second pole is placed in a ring around the outer edge of the target.            

A schematic of the magnetron assembly is shown in Fig. 2.2. 
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Fig. 2.2. Schematic of a DC magnetron sputtering setup 
 

This configuration creates crossed electric (E) and magnetic (B) fields, where 

electrons drift with velocities (u) perpendicular to both E and B according to                    

u = ExB/B.B. If the magnets are arranged in such a way that they create closed drift 

region, electrons are trapped, and rely on collisions to escape. By trapping the electrons 

in this way, the probability for ionization is increased by orders of magnitudes. Ions are 

also subjected to the same force, but due to their larger mass, the Larmor radius often 

exceeds the dimensions of the plasma chamber. The trapping of electrons creates a dense 

plasma, which in turn leads to an increased ion bombardment of the target, giving higher 
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sputtering rates and, therefore, higher deposition rates at the substrate. The electron 

confinement also allows for a magnetron to be operated at much lower voltages 

compared to basic sputtering (about 500 V instead of 2 to 3 kV) and be used at lower 

pressures (typically in mbar region).  

2.2.4. RF Sputtering 

If insulating/dielectric targets (such as oxides or nitrides) are sputtered using DC 

voltages, the negative charge applied to the target is neutralized by the Ar ions. 

Eventually, due to positive charge builtup on the cathode (target), the ions will not be 

attracted anymore by the target to carry out sputtering. Very high potential differences 

(around 1012 volts) between the electrodes are required to sputter insulators and this 

creates practical difficulties. To overcome this, an alternating current in the radio 

frequency (RF) regime is used rather than DC. Since the ions are heavy and less mobile 

compared to electrons, they cannot follow radio frequencies. On the other hand, the 

electrons follow RF and acquire sufficient energy to cause ionizing collisions in the space 

between the electrodes and thus maintain the plasma.  

When an electrode is capacitively coupled with the RF source, an alternating 

(positive and negative) potential appears on the surface. In one half cycle, at which the 

target is negative, the ions are accelerated towards the target with sufficient energy to 

cause sputtering while, in the next positive half cycle, the electrons reach the target 

surface to prevent any charge builtup. Since the substrate and chamber make a very large 

electrode, not much sputtering occurs at the substrate. RF sputtering can be performed at 

lower Ar pressures (1 to 15 mTorr). More line of sight deposition occurs due to a fewer 

gas collisions. Major disadvantages of RF sputtering with dielectric targets are the poor 

heat conduction and larger thermal expansion coefficients of the target materials. 

Therefore, larger thermal gradients are generated in the target when ion bombardment 

heats up the target surface. This can results in fracturing of the target. 

2.2.5. Features of sputtering 

Sputtering has become one of the powerful techniques in modern manufacturing. In fact, 

today's technologists use sputtering to coat more surfaces in more industries than ever 

before. From semiconductors to credit cards; from compact discs to auto parts; 
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magnetron sputtering is adding new value to a growing list of products every day. 

Specifically in optical data storage applications, sputtering virtually deposits the whole 

variety of layers (made up of alloys, metals and compounds) used in the optical disk 

formats and provides a unique combination of advantages. The specific advantages of 

sputtering are given below. 

1) The high kinetic energy of sputtered atoms gives better film adhesion.  

2) Since coverage is independent of line of sight, sputtering inherently produces uniform 

film coatings over a large area. 

3) Unlike evaporation techniques, which require horizontal placement of the crucible 

containing molten material and vertical placement below the substrate, sputtering 

works in any orientation, providing it faces the substrate. 

4) It offers much greater versatility than other approaches because, as a cold momentum 

transfer process, it can be used to apply either conductive or insulating materials to 

any type of substrate including heat sensitive plastics, e.g. polycarbonate typically 

used in optical disks. 

5) Sputter cleaning of the substrate in vacuum prior to film deposition can be done. 

6) It enables simultaneous deposition from multiple sources to develop new alloys     

(see Fig. 2.3). For example, GeSbTe alloys of various compositions can be deposited 

using Ge, Sb and Te sources.  

 
Fig. 2.3. A sputtering cathode with 4 sources. Image courtesy: Plasmon Data Storage Ltd. UK. 

7) For industrial applications (i.e. for the bulk production of devices), sputtering can be 

made a continuous, inline process. Deposition of multiple layer stacks is possible  

(for e.g. to deposit various layers of an optical disk) by having multiple chambers, in 

a row, with sputter cathodes of different materials 

8) Tuning of specific film properties (for e.g. composition, microstructure, step 

coverage) can be more easily achieved, than any other techniques, by varying the  
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sputtering parameters (single or multiple parameters) such as target to substrate 

spacing, sputtering gas pressure, sputtering gas/ion type, biasing the substrate. 

9) Compound thin films can be deposited using reactive sputtering i.e. sputtering in the 

presence of a reactive gas. Typically oxides or nitrides of phase-change materials are 

deposited by this method [1-4]. 

2.2.6. Deposition conditions 

DC magnetron sputtering was used to deposit the GeSbTe-based phase-change (PC) 

layers with the following sputtering conditions: 

Power to the target   : 0.25 to 0.3 kW 

Sputtering rate    : ~ 5 nm/s for PC 

Sputtering gas (Ar) pressure  : 1.0 Pa (10-2 mbar) 

Target to substrate distance  : ~ 3 cm  

Target size (diameter)   : 20 cm (single target) 

PC layer thickness   : 20 to 40 nm 

RF sputtering was used to deposit the dielectric capping layers such as GeCrN (GCN) 

and ZnS-SiO2 (ZSO) with the following sputtering parameters: 
 

Sputtering parameters ZnS-SiO2 layer  GeCrN layer 

Power to the target 0.8 kW 0.3 to 1.0 kW 

Sputtering rate 1.6 to 2 nm/s  0.6 to 2 nm/s 

Sputtering gas, pressure Ar, 0.75 Pa mixture of Ar & N, 2.8 Pa 

Target to sample distance ~ 4 cm ~ 4 cm 

Target size (diameter) 20 cm 20 cm 

Layer thickness 3 nm 3 nm 

 
An image of the sputter coater used to deposit our samples is shown in Fig. 2.4. This 

system (Unaxis big sprinter) is equipped with nine cathode assemblies. Source of the 

cathodes can have up to four targets and hence alloys of desired compositions can be 

produced by cosputtering. The substrates fed in to the system can be consecutively 
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transferred to several cathodes to be coated with a series of different films without 

breaking the vacuum between depositions. 
 

Insertion of empty 
substrates (typically 
polycarbonate disks)

Chambers containing 
Sputter cathodes.

Outlet of substrates (disks) with various 
layers including the phase-change layer

Insertion of empty 
substrates (typically 
polycarbonate disks)

Chambers containing 
Sputter cathodes.

Outlet of substrates (disks) with various 
layers including the phase-change layer

 
 

Fig. 2.4. Photograph of a ‘Unaxis big sprinter’ sputtering system with multiple cathode chambers. The 
substrates fed into the system can be covered with a multiple-layered stack. Cathodes can contain 
elemental or compound targets and some cathodes can accommodate up to four different targets 
(compare also Fig. 2.3). Image courtesy: Plasmon Data Storage Ltd. UK. 

2.3. ATOMIC FORCE MICROSCOPY 

2.3.1. Introduction 

Scanning probe microscopes (SPM) define a broad group of instruments used to image 

and measure properties of material from the micron to the atomic level. SPM images are 

obtained by scanning a sharp probe across a surface while monitoring and compiling the 

probe-sample interactions to provide an image. A scanner controls the precise position of 

the probe in relation to the sample surface, both vertically and laterally.  

The Probe: When two materials are brought very close together, various interactions are 

present at the atomic level. These interactions are the basis for scanning probe 

microscopy. An SPM probe is a component that is, because of design, particularly 

sensitive to such interactions. Specifically, when an SPM probe is brought very close to a 

sample surface, the sensed interaction can be correlated to the distance between the probe 

and sample. Since the magnitude of this interaction varies as a function of the          
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probe-sample distance, the SPM can map a sample’s surface topography by scanning the 

probe in a precise, controlled manner over the sample surface. 

The Scanner: The material that provides the precise positioning control required by all 

SPM scanners is piezoelectric ceramic. A piezoelectric ceramic changes its geometry 

when a voltage is applied; the voltage applied is proportional to the resulting mechanical 

movement. The piezoelectric scanner in an SPM is designed to bend, expand, and 

contract in a controlled, predictable manner. The scanner, therefore, provides a way of 

controlling the probe-sample distance and of moving the probe over the surface.  

Scanning: To generate an SPM image, the scanner moves the probe tip close enough to 

the sample surface for the probe to sense the probe-sample interactions. Once within this 

regime, the probe produces a signal representing the magnitude of this interaction, which 

corresponds to the probe-sample distance. This signal is referred to as the detector signal. 

In order for the detector signal to be meaningful, a reference value known as the setpoint 

is established. When the scanner moves the probe into the imaging regime, the detector 

signal is monitored and compared to the setpoint. When the detector signal is equal to the 

setpoint, the scanning can begin. The scanner moves the probe over the surface in a 

precise, defined pattern known as a raster pattern, a series of rows in a zigzag pattern 

covering a square or rectangular area. As the probe encounters changes in the sample 

topography, the probe-sample distance changes, triggering a corresponding variation in 

the detector signal. The data for generating an SPM image is calculated by comparing the 

detector signal to the setpoint. The difference between these two values is referred to as 

the error signal, which is the raw data used to generate an image of the surface 

topography. Data can be collected as the probe moves from left to right (the trace) and 

from right to left (the retrace). The ability to collect data in both directions can be very 

useful in factoring out certain effects that do not accurately represent the sample surface. 

The trace and retrace movement is sometimes referred to as the ‘fast scan direction’. The 

direction perpendicular to the fast scan direction is sometimes referred to as the ‘slow 

scan direction’. 

The SPM Image: As the probe scans each line in the raster pattern, the error signal can 

be interpreted as a series of data points. The SPM image is then generated by plotting the 

data point by point and line by line. Other signals can also be used to generate an image. 
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SPM imaging software displays the image in a useful way. For example, the height and 

color scales can be adjusted to highlight features of interest. The number of data points in 

each scan line and the number of scan lines that cover the image area will determine the 

image resolution in the fast and slow scan directions, respectively.  

The Z Feedback Loop: SPMs employ a method known as Z feedback to ensure that the 

probe accurately tracks the surface topography. The method involves continually 

comparing the detector signal to the setpoint. If they are not equal, a voltage is applied to 

the scanner in order to move the probe either closer to or farther from the sample surface 

to bring the error signal back to zero. This applied voltage is commonly used as the signal 

for generating an SPM image. 

SPM categories: The two primary forms of SPM are scanning tunneling microscopy 

(STM) and atomic force microscopy (AFM). STM was first developed in 1982 at IBM in 

Zurich by Binnig, et al. [5]. The invention of STM (for which Binnig and Rohrer were 

awarded the Nobel Prize in Physics in 1986) had a great impact on science and 

technology by providing a new and unique tool. Although the ability of the STM to 

image and measure material surface morphology with atomic resolution has been well 

documented, only good electrical conductors are candidates for this technique. This 

significantly limits the materials that can be studied using STM and led to the 

development, in 1986, of the AFM by Binnig, Quate, and Gerber [6]. This enabled to 

study a wide range of materials including insulators and semiconductors.  

Atomic force microscopy: Atomic force microscopy grew out of the STM and today it is 

by far the more prevalent of the two. It probes the sample and make measurements in 

three dimensions, x, y and z (normal to the sample surface), thus enabling the presentation 

of three dimensional images of a sample surface. This provides a great advantage over 

the conventional (optical or electron) microscopes. With proper samples (clean, with no 

excessively large surface features), resolution in the x-y plane ranges from 0.1 to 1.0 nm 

and in the z direction is 0.01 nm (atomic resolution). AFM requires neither a vacuum 

environment nor any special sample preparation, and it can be used in either an ambient 

or liquid environment. The probe of an AFM typically contains a sharp tip (typically less 

than 5 µm tall and often less than 50 nm in diameter at the apex) located at the free end of 

a cantilever that is usually 100 to 500 µm long. Forces between the tip and the sample 
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surface cause the cantilever to bend, or deflect. A detector measures the cantilever 

deflections as the tip is scanned over the sample, or the sample is scanned under the tip. 

The measured cantilever deflections allow a computer to generate a map of surface 

topography. Several forces typically contribute to the deflection of an AFM cantilever. 

To a large extent, the distance regime (i.e., the tip-sample spacing) determines the type of 

force that will be sensed. Variations on this basic scheme are used to measure topography 

and investigate other material properties at nanoscales. There are numerous AFM modes 

including four primary and several secondary modes. In our present investigation, we 

used contact mode AFM (primary mode) and conductive-AFM (secondary mode) to 

characterize the phase-change thin films.   

2.3.2. Contact mode AFM 

The principle behind the operation of an AFM in the contact mode is shown in Fig. 2.5.  

A sharp tip made either of silicon or Si3N4 attached to a low spring constant cantilever is 

used. The tip is first brought (manually) close to the sample surface, and then the scanner 

makes a final adjustment in tip-sample distance based on a setpoint (determined by the 

user). The tip, now in contact with the sample surface through any adsorbed gas layer, is 

then scanned across the sample under the action of a piezoelectric actuator, either by 

moving the sample or the tip relative to the other (and the later method is adopted in our 

instrument). An extremely low force (about 10-9 N) is maintained on the cantilever, 

thereby pushing the tip against the sample as it scans.  

A laser beam aimed at the back of the cantilever-tip assembly reflects the cantilever 

surface to a split-photodiode, which detects the small cantilever deflections. A feedback 

loop, shown schematically in Fig. 2.5, maintains constant tip-sample separation by 

moving the scanner in the z direction to maintain the setpoint deflection (and without this 

feedback loop, the tip would crash into a sample with even small topographic features). 

By maintaining a constant tip-sample separation and using Hooke’s Law, the force 

between the tip and the sample is calculated. Finally, the distance the scanner moves in 

the z direction is stored in the computer relative to spatial variation in the x-y plane to 

generate the topographic image of the sample surface.  
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Fig. 2.5. Schematic diagram showing the operating principles of the AFM in the contact mode  
 

The photograph of our laboratory instrument, Veeco DI Dimension 3100, is shown in 

Fig. 2.6. This system includes the scanner, processor/controller (NanoScope IIIa), control 

screen and image display screen. A special table to isolate mechanical and acoustical 

vibrations was also necessary to perform high resolution imaging. 
 

 
 

Fig. 2.6. Photograph of the Veeco Dimension 3100 scanning probe microscope  
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2.3.3. Conductive AFM (C-AFM) 

The primary use of AFM is to image the topography of surfaces. However, by replacing 

the silicon or silicon nitride probes with suitable ones and modifying or incorporating 

additional units to the controller electronics, the conventional AFM can be used to 

measure other features (for example, electric and magnetic properties, chemical 

potentials, friction and so on), and also to perform various types of analysis. In the 

present investigation, we used such a secondary imaging mode called as conductive 

atomic force microscopy (CAFM) to characterize the electrical conductivity variations 

across the phase-change thin films. CAFM employs conductive probes (typically silicon 

or silicon nitride probes coated with metallic layers) and allows measuring sample 

currents in the range between a few pA and 1 µA.  
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Fig. 2.7. Schematic of a conductive atomic force microscope configuration 
 
Typically, a DC bias is applied to the sample, and the tip is held at ground potential 

(see Fig. 2.7). A high gain current amplifier connected in series with the conductive 

probe measures the sample current. While the z feedback signal is used to generate the 

regular contact AFM topography image, the current passing between the tip and sample is 

measured to generate the conductive AFM image.  

2.3.4. Writing crystalline mark pattern using AFM 

trajectory of the tip

AFM tip

phase change layer

tip-written mark 

trajectory of the tip

AFM tipAFM tip

phase change layer

tip-written mark 

 
Fig. 2.8. Trajectory of the tip over the film surface during the writing process of crystalline marks. 
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In contact mode scanning, the tip motion on the sample surface can be externally 

controlled by programming the controller by means of a nanolithographic technique. In 

our present study, arrays of crystalline marks were written on amorphous phase-change 

films using this facility. The trajectory of the tip during a typical writing process of 

crystalline marks is shown in Fig. 2.8. The (conductive) tip physically touches the sample 

surface only at selected points. Number of such points, the array area and the lift-up 

height of the tip from the surface (typically a few nm) were preprogrammed. At each   

tip-sample contact point, an electrical pulse is injected into the sample from tip to 

produce a crystalline mark. The pulse parameters such as amplitude and width can also 

be preset within the nanolithography program.  

2.4. IV CHARACTERISTICS AND PULSE-MODE PDR SWITCHING STUDIES 
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Fig. 2.9. Schematic of the electronic setup used for IV characteristic and pulse-mode PDR switching 
operations. 
 
Current-voltage (IV) measurements of the samples were performed with a homebuilt 

electronic setup shown in Fig. 2.9. GeSbTe layers containing Mo bottom-electrodes and 

Silver or aluminum top-electrodes were examined. A variable voltage source coupled 

with a current meter is used to apply or sweep voltages (typically < 1 V) across the 

sample and simultaneously measure the sample current. A Keithley 2601 source-meter is 

used for this purpose. A Stanford Research Inc. pulse generator (model: DG535) supplies 

voltage pulses of desired amplitudes and widths (amplitudes < 2 V and widths down to   

1 µs). The shape and polarity of the voltage pulses are monitored by an Agilent 
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Technologies DSO6052A oscilloscope. A computer controlled toggle switch connects the 

sample either to the pulse generator or the voltage source at a time. When examining the 

polarity-dependent resistance (PDR) switching in pulse-mode, positive and negative 

voltage pulses were alternatively supplied to the sample. After each voltage pulse, the 

sample was connected to the voltage source to measure the sample resistance. 

2.5. TRANSMISSION ELECTRON MICROSCOPY 

2.5.1. Introduction 

Transmission electron microscopy (TEM) is a powerful tool to characterize a material’s 

microstructure and crystal structure by imaging or diffraction techniques. In a 

conventional transmission electron microscope, a thin specimen is irradiated with an 

electron beam of uniform current density. Electrons are emitted from the electron gun and 

illuminate the specimen through a two or three stage condenser lens system. The 

objective lens is responsible for the first stage of diffraction pattern and image formation. 

The electron intensity distribution behind the specimen is magnified with a three or four 

stage lens system and projected on a fluorescent screen, where it can be viewed. The 

image can be recorded by direct exposure of a photographic emulsion or an image plate 

or digitally by a charge coupled device (CCD) camera. 

2.5.2. Image formation 

When an electron beam interacts with the specimen, a number of signals are generated as 

can be seen in Fig. 2.10, but only the elastically scattered electrons are in principle 

responsible for the TEM image. Images in an electron microscope form, when incident 

electrons are scattered by the specimen and focused by one or more electromagnetic 

lenses. Elastically scattered electrons are produced when electrons from the beam interact 

with the nuclei of the atoms in the specimen. By this scattering, the electrons undergo a 

relative large deviation in their path but little or no energy loss occurs. The velocity (ν) 

and wavelength (λ) of the electrons remain unchanged. Inelastically scattered electrons 

are those produced when electrons from the beam interact with orbital electrons of the 

specimen atoms. These electrons are characterized by a loss of energy (ν decreases and   
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λ increases) and only a slight deviation occurs in their path (< 10-4 radians). These 

electrons are generally related to specimen damage.  
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Fig. 2.10. Schematic representation of interactions of electrons from an incident beam with a thin 
specimen. Various reactions occur and signals are generated when a sample in the form of a thin foil is 
irradiated by an energetic beam of electrons. 
 

Inelastic scattering produces a continuous background noise and therefore will not 

contribute to first order approximation to the image formation. The image is only formed 

by electrons that are (once or more times) elastically scattered. These scattered electrons 

result in scattered beams which, together with the undiffracted beam, are projected on the 

fluorescent screen. For noncrystalline materials the scattering depends mainly on the 

mass thickness (product of density and thickness) of the specimen. Thick specimens, or 

those containing a large number of heavy atoms, scatter more electrons than ones that are 

thin or have low average atomic number. For crystalline materials the most important 

scattering is due to Bragg diffraction, which depends on the crystal structure and 

orientation with respect to the incident electron beam. In typical TEM specimens, since 

the viewed areas are thinner than 100 nm, most of the highly accelerated electrons pass 

through them without predominant inelastic scattering.  

2.5.3. Contrast formation 

Image contrast arises from a combination of two processes. Highly deflected, elastically 

scattered electrons are physically blocked by the objective aperture in the back focal 

plane of the objective lens. Dense or thick specimen regions appear dark because a large 

portion of the scattered electrons do not reach the image plane. This is called scattering 

(amplitude) contrast. Another type of contrast is called phase contrast. The phase of an 
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incident electron wave is changed by inelastic scattering and phase contrast is produced 

when this wave interferes with unscattered electrons. Specimens that are thin or mainly 

contain atoms of low atomic number are considered to be phase objects. Phase contrast 

imaging is used for high resolution TEM. 
 

Bright-field imaging Dark-field imaging

(a) (b)

Bright-field imaging Dark-field imaging

(a) (b)

 
Fig. 2.11. Schematic representation of (a) bright-field and (b) dark-field imaging. The image of the 
specimen is formed by selectively allowing only the transmitted beam in the case of bright-field 
imaging and diffracted beam in the case of dark-field imaging down to the microscope column by 
means of aperture. 

 
The standard imaging method in conventional TEM is bright-field imaging            

(see Fig. 2.11a). When operating in this mode the transmitted beam is selected with a 

small object aperture in diffraction space. In this way only the transmitted electrons 

impinge on the fluorescent screen and the image is, normally for a thin sample, bright. 

When instead of the transmitted a diffracted beam is selected with the objective aperture 

the image will be dark (see Fig. 2.11b). This is called dark-field imaging and only 

diffracted electrons are viewed on the screen. The origin of the image contrast is the 

variation of intensities of transmitted and diffracted beams due to the differences in 

diffraction conditions which depend on the local microstructural features.  

In crystalline specimens in preferred orientations, scattering of the incident electrons 

can occur in specific directions defined by the Bragg equation: nλ = 2dsinθ. Depending 

on the orientation of the crystal, scattered electrons may pass through the objective lens 

aperture and produce a bright area, or most commonly, the electrons may be blocked by 

the aperture, thereby producing a dark area. A crystal can be imaged with the primary 

beam (bright field) or with a Bragg reflection (dark-field). The local intensity depends on 
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the thickness, resulting in edge contours, and on the tilt of the lattice planes, resulting in 

bend contours, which can be described by the dynamical theory of electron diffraction. 

Particularly bend contours were observed in the crystals growing in amorphous phase-

change films. The amorphous films correspond to a uniform grey contrast, where the 

crystals due to diffraction contrast (in bright-field) are generally both brighter and darker. 

2.5.4. TEM apparatus 
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Fig. 2.12. Schematic representation of a typical transmission electron microscope 
 
Figure 2.12 is a schematic representation of a TEM. The electron beam is generated by 

the electron gun, which is typically a thermionic or a field emission source. The 

thermionic source consists of a tungsten filament or lanthanum hexaboride (LaB6) crystal, 

whereas in a field emission gun (FEG), the electron emission occurs from a very sharp tip 
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subjected to a high electric field. A FEG produces an electron beam with higher 

monochromaticity, higher spatial coherency and higher brightness than the thermionic 

source. The electrons emitted from the sources are accelerated to energies typically 

between 100 and 400 keV. The condenser lens assembly is used to create a parallel beam 

of electrons i.e. a uniform wave that can be adjusted in size and tilt in order to illuminate 

the specimen. The objective lens and its associated pole pieces is the heart of the TEM 

and the most critical of all the lenses. It forms the initial enlarged image of the 

illuminated portion of the specimen in a plane that is suitable for further enlargement by 

the intermediate lenses and projector lens. The total magnification is a product of the 

objective, intermediate and projector magnifications. However, the objective lens is most 

important for the quality of the magnification. The projector lens projects the final 

magnified image onto a fluorescent screen, where it can be monitored and it can be 

recorded on a photographic film, or can be detected by a sensor such as a CCD camera. 

2.5.5. Vacuum system of the TEM 

Another important element of the TEM is the vacuum system. The microscope column 

must be operated under high vacuum conditions. One of the main reasons is to avoid 

collisions between electrons of the beam and stray molecules. Such collisions can result 

in a spreading or diffusing of the beam or more seriously can result in volatization event 

if the molecule is organic in nature. Such volatiles can severely contaminate the 

microscope column especially in finely machined regions such as apertures and pole 

pieces that will serve to degrade the image.  

2.5.6. Specimens for TEM analysis 

When examining a specimen, the conditions that exist inside the TEM have to be 

considered, e.g. high vacuum, radiation damage and heat generated by the electron beam 

in the specimen. For a conventional TEM analysis, a specimen has to be reasonably dry 

and thin (typically 100 nm or thinner) for ensuring electron transparency. In material 

science/metallurgy the specimens tend to be naturally resistant to vacuum, but must be 

prepared as a thin foil, or etched so some portion of the specimen is thin enough to have 

sufficient transmission. Preparation techniques to obtain an electron transparent region 

include ion beam milling, wedge polishing and electrochemical polishing. The focused 
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ion beam (FIB) is a relatively new technique to prepare thin samples for TEM 

examination from larger specimens. Because the FIB can be used to micro-machine 

samples very precisely, it is possible to mill very thin membranes from a specific area of 

a sample, such as a semiconductor or metal. As part of the sample preparation, it is 

important to try and keep the sample in as near a natural state as is possible. Materials 

that have dimensions small enough to be electron transparent, such as thin films 

(thickness < 100 nm), nanosized powders or particles can be quickly produced by directly 

depositing them onto support girds or substrates containing electron transparent layers 

(e.g. carbon) or membranes (e.g. Si3N4). 

2.5.7. Analysis with JEOL 2010F TEM  

 
Fig. 2.13. Photograph of the JEOL 2010F transmission electron microscope 
 
In our present investigation, we used a JEOL 2010F TEM to analyze the crystallization 

properties of the phase-change films, an image of the equipment is shown in Fig. 2.13. 

TEM is a powerful tool to perform this analysis because the nucleation and growth can be 

analyzed independently unlike the other conventional techniques like X-ray diffraction 
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(XRD) or differential scanning calorimetry (DSC), which in fact provide the overall 

information on the crystallization process (without separate knowledge of the nucleation 

and growth processes). In the JEOL 2010F, the electron beam is produced from a FEG 

and normally operates at 200 keV acceleration voltage. The samples analyzed by TEM 

were typically 20 nm thick amorphous phase-change films (often sandwiched between    

3-nm thick dielectric layers) directly deposited on 25 nm thick Si3N4 membrane 

supported by Si substrates or 25 nm thick amorphous carbon films supported by 300 

mesh Cu grids. So, no further sample preparation was required. The samples were 

isothermally annealed within the column of TEM and the individual crystal nucleation 

and growth was monitored in bright-field image mode at 40 kX magnification (≈ 10.4 

square micron on the phosphor screen) and the images were recorded using a CCD 

camera. More specific information about the measurement strategy, samples, substrate 

types, annealing conditions, TEM holders and heating stage are given in the experimental 

parts of the concerned chapters. 

2.6. SCANNING ELECTRON MICROSCOPY 

Scanning electron microscopy (SEM) is one of the potential methods widely used for 

materials and surface analysis. It makes use of an energetically well-defined and highly 

focused beam of electrons that scans across the sample. The electrons interact with the 

atoms of the surface layers producing signals that contain information about the surface 

topography, elemental composition and other properties such as electrical conductivity. 

Most of the energy of an incident electron beam will eventually end up heating the 

sample (phonon excitation of the atomic lattice); however, before the electrons come to 

rest, they undergo two types of scattering: elastic and inelastic. Back scattered electrons 

are produced from the elastic scattering events. Inelastic interactions produce diverse 

effect including: 

• phonon excitation (heating)  

• cathodoluminescence (visible light fluorescence)  

• characteristic X-ray radiation  

• plasmon production (secondary electrons)  

• Auger electron production (ejection of outer shell electrons)  
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Figure 2.10 (though it is given for a thin foil) can also be referred for the various 

signals from the interaction volume due to the electron bombardment. However, the 

interaction volumes in TEM and SEM are principally different; compare Figs. 2.10 and 

2.14. In SEM, the interaction volume is a teardrop shaped volume of the specimen, where 

the primary electron beam interacts with the sample. This volume extends from less than 

100 nm to around 5 µm into the surface. The size of the interaction volume depends on 

the energy of the impinging primary electrons, the atomic number of the specimen and 

the specimen's density. Figure 2.14 schematically illustrates the interaction volume for 

various portions of electron-specimen interactions.  
 

 
 

Fig. 2.14. Interaction volume showing the regions of various electron-specimen interactions. 
 

By detecting the signals coming out of the sample with suitable detectors, several 

types of information can be extracted. A schematic diagram of a typical SEM setup is 

given in Fig. 2.15. A detailed description of the technique and background theory can be 

obtained from Ref. 7, however a brief overview is given here. The electron beam (with an 

energy range up to 40 keV) is generated typically from a thermionic electron source or a 

FEG. The electromagnetic lens system (condenser and objective) focuses the beam into a 

very fine spot with sizes of 1 to 10 nm. A set of scan coils (or deflector plates) placed 

closer to the objective lens is used to deflect the beam in two orthogonal lateral directions 

so that it scans a rectangular area of the sample surface. Electronic devices are used to 

detect, amplify and display the signals from the sample as an image (or 2D plot) on a 
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display screen (cathode ray tube) in which the raster scanning is synchronized with that 

of the microscope. The image displayed is therefore a distribution map of the intensity of 

the signal being emitted from the scanned area of the specimen. The image may be 

captured on a photographic plate from a high resolution cathode ray tube, but in modern 

machines it is digitally captured and displayed on a computer monitor.  
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Fig. 2.15. Schematic representation of a typical scanning electron microscope system 
 

The most common imaging mode collects the low energy (< 50 eV) secondary 

electrons. Due to their low energy, these electrons originate from the top few nanometers 

below the sample surface [7]. These electrons are typically detected by an Everhart-

Thornley detector [8] which is a type of scintillator photomultiplier device. The 

brightness of the signal depends on the number of secondary electrons reaching the 

detector. If the beam enters the sample perpendicular to the surface, then the activated 

region is uniform about the axis of the beam and a certain number of electrons escape 

from the sample. As the angle of incidence increases, the escape distance of one side of 

the beam will decrease, and more secondary electrons will be emitted. Thus steep 
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surfaces and edges tend to be brighter than flat surfaces, which results in images with a 

well defined three dimensional appearance.  
 

 
Fig. 2.16. Photograph of the Philips XL 30 S scanning electron microscope 
 

Elemental composition analysis is the second most commonly used feature of SEM, 

called EDX (energy dispersive X-ray spectrometry). X-rays are emitted when the electron 

beam removes an inner shell electron from the sample, causing a higher energy electron 

to fill the shell, whereby energy is released. These characteristic X-rays, detected by an 

X-ray analyzer, are used to identify the elemental composition of the sample. In our 

investigation, we used Philips XL 30 S SEM equipped with a field emission gun; an 

image of this machine is shown in Fig. 2.16. The maximum accelerating voltage of this 

SEM is 30 kV. The scanning probes of the atomic force microscope were often examined 

with this microscope in the secondary electron imaging mode. A very large depth of 

focus and a wide range of magnification (25 to 250,000 times) provided by this 

microscope were advantageous in analyzing the pyramid-shaped AFM probes. 
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CHAPTER 3 

Electrical resistance switching    
mechanisms in GeSbTe thin films 
This chapter presents the investigation on the electrical resistance switching behaviors of 

GeSbTe thin films. Two types of resistance switching mechanisms are addressed namely; 

(i) the conventional resistance switching due to the amorphous to crystalline phase 

transition, and (ii) the resistance switching induced by the polarity of the applied electric 

field in the GeSbTe crystalline phase. These two switching mechanisms were 

demonstrated at nanometer and submicrometer scales using a conductive atomic force 

microscopy, which is emerging as a potential tool to achieve data densities in the range 

of Tera-bit/inch2. The polarity-dependent resistance switching was further examined with 

millimeter and micrometer-sized capacitor-like memory cells. IV measurements and 

pulse-mode operations were carried out to examine the switching characteristics such as 

reversibility, cyclability and response time of the cells. The mechanism of the switching 

based on the solid-state electrolytic behaviour of the material in the presence of the 

electric field is also discussed. 

3.1. INTRODUCTION 

For the develop of next generation nonvolatile memories (NVMs) providing high speed, 

high density, low power consumption, high endurance at a low price compared to the 

existing flash/dynamic/static random access memories (RAMs), several technologies 

have been proposed, e.g. based on magneto-resistance (MRAM) [1], ferroelectricity 

(FRAM) [2], phase transition (PRAM) [3-7] and electrical-resistance (RRAM) [8-19]. 

Among them, PRAM and RRAM, as based on the electrical resistance switching, have 

been given more focus in recent years as they appear to have high potential to become the 

next generation memories. PRAM is based on resistance switching caused by the 

amorphous-crystalline phase transition of a chalcogenide material. This switching is 
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triggered by an electric pulse irrespective of its polarity as shown in Fig. 3.1a. On the 

other hand, the resistance switching in RRAM is caused by the polarity of the applied 

electric field and it is not connected to a structural (phase) transformation. IV 

characteristic shown in Fig. 3.1b exhibits the main component i.e., the resistance 

hysteretic element of a typical bipolar RRAM device.  
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Fig. 3.1. (a) PRAM concept: The electrical resistance switching associated with phase transition. IV 
characteristic of an amorphous phase-change chalcogenide material shows symmetric switching above 
a threshold voltage ±Vth from a highly insulating regime (blue) to a more conducting regime (red). The 
initial high-resistive amorphous phase (blue) changes into a low-resistive crystalline phase (red) above 
±Vth. (b) RRAM concept: The electrical resistance of a RRAM cell is switchable, on applying a voltage 
trigger, between two stable (low and high-ohmic) resistance states. Red line represents the low-
resistance state and blue line represents the high-resistance state. A trigger that exceeds a certain 
threshold could directly increase or decrease the resistance depending on the voltage polarity. In the 
above shown example, a positive threshold voltage (+Vth) causes high to low-resistance transition and a 
negative threshold voltage (–Vth) causes low to high-resistance transition. Read operations in a working 
device would be performed with voltages having amplitudes << Vth. Note the following points; (i) the 
initial resistance state could be either high or low depending on the material type, (ii) the voltage 
polarity required to switch the initial state of the material can also vary, i.e., it could be positive or 
negative depending on the material system.      
 

Although the switching behaviour itself is clearly observed, full understanding of the 

RRAM mechanism is still lacking. Various models have been proposed, e.g., based on 

trap-controlled space-charge-limited current [8], charge-trapping-defect states inside the 

band gap [9], charge-trap states at metal/oxide interface with a change of Schottky-like 

barrier [10], electric-pulse-induced vacancy/ion motion [11,12], and filamentary 

conduction [13-19]. A variety of materials has been utilized for RRAM, in particular 

transition metal oxides [8,20-25], perovskite-based oxides [9,10,26-30] and (Ag or Cu 

saturated) chalcogenides [14-19,31,32]. In literature, the mechanism of PDR switching 
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with metal-saturated chalcogenides is related to the solid-state electrolytic character and 

high ionic conductivities of chalcogenides, and hence is called ionic/electrolytic 

switching. For one polarity, the chalcogenide medium is electrically conductive by 

forming conducting filamentary pathways between electrodes, whereas for the reverse 

polarity it becomes relatively insulative or at least less conductive because of rupture of 

the previously formed electrical pathways.  

Among the various choices of active materials, chalcogenides are promising and 

versatile as they exhibit more than one type of memory switching. However, up to now 

the phase-change and polarity-dependent resistance (PDR, non-phase-change) switching 

were considered independently in chalcogenide materials and no single system is 

reported showing these two switching mechanisms together [33]. For example, numerous 

compositions derived from the GeSbTe system showed amorphous-crystalline switching 

[34] and Ag or Cu-saturated chalcogenides such as AgS [15,31], CuS [16], AgGeSe 

[17,32], AgGeTe [18] and AgInSbTe [19] showed PDR switching. This type of switching 

has not yet been demonstrated in Ag/Cu-free chalcogenides such as in GeSbTe system, 

which is the most commonly used in phase-change data storage.  

Having PDR switching in phase-change chalcogenides could render exiting 

technological opportunities for data storage including data encryption, multilevel and 

low-power recording. It is also recently conjectured that these two switching types are the 

‘different faces of a chameleon’ that should be brought together and studied in a unified 

approach [33]. Compared to phase-dependent resistance switching, PDR switching seems 

more advantageous because: (i) PDR switching can be performed at lower voltages and 

(ii) it does not involve major structural changes and hence effects like phase separation 

are limited providing enhanced device life. To the best of our knowledge, AgInSbTe is 

the only phase-change material (used in optical memories) for which the PDR type 

switching is reported [19]. However, this was shown to have a higher threshold voltage 

(Vth > 10 V), which is a critical drawback. 

 This chapter demonstrates the existence of PDR switching, in certain compositions 

of the phase-change materials composed of Ge, Sb and Te with lower operating voltages 

(≤ 2 V), which are incapable of inducing amorphous-crystalline phase transitions in our 

system. Both switching types (phase-change and PDR) are demonstrated down to 
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nanometer scale using a conductive atomic force microscopy technique. Data recording 

studies at nanoscales are essential to achieve increased data storage densities for fulfilling 

the future requirements. In recent years, impetus to data storage technologies has been 

given by atomic force microscopy since data writing down to 20 nm is readily possible. 

This technique has also a potential to erase/overwrite and read the data [35-42]. In 

general, data writing with AFM is accomplished by thermal or electrothermal means. In 

phase change chalcogenide materials, crystalline marks are produced in amorphous 

backgrounds, but mark erasing with AFM turned out a barrier for further advancement of 

this technique. Data writing and erasing operations have not been successfully 

demonstrated for multiple cycles using AFM only. PDR switching (in chalcogenides) has 

been shown only for memory cell structures produced using lithography, but not yet 

studied with AFM at the nanoscale. To the best of our knowledge, we are the first to 

exploit the phase-change and PDR switching mechanisms simultaneously in GeSbTe 

films using AFM. Apart from the AFM studies, we also extensively investigated the PDR 

switching with capacitor like memory cells. 

3.2. EXPERIMENTAL PROCEDURE 

The samples consist of 20 or 40 nm thick Ge2Sb2+xTe5 (GST) and 100 nm thick Mo layers 

on silicon substrate. GST phase-change film and Mo bottom-electrode layer were 

deposited by DC magnetron sputtering technique. No capping layer was deposited on top 

of the phase-change film. Two types of samples were prepared for two categories of 

experiments. Figure 3.2a shows the structure of a simple capacitor-like memory cell used 

to examine the resistance switching properties at and above micron scale. Silver or 

aluminum was used for top-electrodes. In case of resistance switching experiments at 

nanoscales with CAFM, Pt/Ir coated electrically conductive AFM-probes were used as 

top electrodes (see Fig. 3.2b). All the measurements were performed in air and at room 

temperature. 

For the PDR switching experiments, the volume of the GST film underneath the top-

electrode was electrically crystallized. Electrical crystallization occurs due to Joule 

heating when charge carriers (electrons) pass between the (top and bottom) electrodes 

through the GST film across its thickness. With capacitor-like memory cells, PDR 
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switching behavior was examined via IV measurements using a Keithley 2601 source-

meter with a voltage sweep rate of about 0.8 V/s. Voltage pulses of amplitudes, V > Vth 

(threshold voltage), with positive or negative polarity were used to switch the electrical 

resistance of the cell between two states. The switching voltage direction was always 

across the GST film thickness (i.e., perpendicular to the film surface). The resistance 

state was read with low magnitude voltage pulses (0.1 V, 20 ms) of either polarity. When 

the cell is in pulse mode operation, the DC voltage source is replaced by a pulse 

generator (Stanford Research System Inc., Model DG535) and the switching was tested 

for various pulse amplitudes and pulse widths.  
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Fig. 3.2. (a) Schematic of a capacitor-like cell with Ag or Al top-electrode (not to scale). (b) Sample 
structure used in CAFM experiments for data recording studies at nanoscale. The CAFM setup 
facilitates both height and current imaging simultaneously. A and C refers to amorphous and (poly) 
crystalline phase of the GST layer, respectively. 
 

To investigate the resistance switching at nanoscales, conductive atomic force 

microscopy (Veeco, Dimension 3100) was used. The schematic of the CAFM 

experimental setup is shown in Fig. 3.3. A Pt/Ir coated (highly conductive) probe of the 

microscope served as a top-electrode in this case. The probe material was n-type          

Sb-doped silicon, the spring constant of the cantilever was about 0.2 N/m and the initial 

tip radius of curvature was 20 to 25 nm. To write crystalline marks on an amorphous 

GST film, continuous or pulsed-DC voltages were used. The former case of writing with 

continuous DC voltages was performed by biasing the amorphous film to a positive or 
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negative voltage and scanning a desired area on the film surface with an electrically 

grounded AFM tip. In the later case, DC voltage pulses of positive or negative polarity, 

with respect to the electrically grounded film, were injected via the AFM-tip into the film 

through its thickness. Over these tip-written crystalline marks, PDR switching 

experiments (i.e., write and erase operations) were preformed by subjecting these marks 

to the electric field, which is perpendicular to the film surface. Both SET and RESET 

operation of the PDR switching were done by continuous or pulsed-DC voltages of 

similar magnitudes but with opposite polarities. 
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Fig. 3.3. Schematic of CAFM experimental setup showing the sample structure and electronic circuit 
with various components. This setup provides information simultaneously on topography and electrical 
conductance of the sample.  
 

The CAFM setup provides current images showing the local conductivity of the 

sample in addition to the surface topographs. Measuring the cantilever deflection using 

the laser beam and split-photodiode setup gives the topographical information. Biasing 

the sample to lower DC voltages (V << Vth for phase-change) and measuring the current 

flow (across the sample thickness) through the scanning AFM-tip that is virtually 

grounded gives the conductance image. A high-gain current amplifier electrically 

connected in series with the conductive probe detects sample currents as low as 5 pA. In 

our experimental setup, scanning the amorphous area with lower DC bias, 1 to 2 V, did 

not show any significant current flow above this lower limit. 
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Fig. 3.4. Issues of CAFM scanning: (a) SEM image of a conductive AFM-tip before scanning. (b) SEM 
image showing the partial removal of the conductive coating, which is essential for current-imaging. 
The tip shown here was used for several scans (at ~ 50 nN contact force) after writing a few arrays of 
crystalline marks. (c) SEM image showing a damaged tip, which cannot be used for CAFM imaging.   
(d) Bright-field TEM images showing another kind of tip damage, where the tip-edge is broadened 
with a thin surface coating containing C, N, O & Sb. (e) AFM topograph of a damaged film surface. 
Scanning with nonoptimized contact forces (≥ 100 nN) results in scratching or removal of the film. 

 
A sufficiently good electrical contact between the AFM-tip and sample surface is 

essential during the CAFM measurements. During the writing or reading process, a high 

current density at the tip-edge and/or higher tip-sample contact force can lead to damage 

of the metallic coating of the tip and/or the tip itself. Figure 3.4 shows various issues 

concerning the tip and sample surface while performing CAFM scanning. SEM image of 

an AFM-tip with conductive coating before scanning is shown in Fig. 3.4a. Depending on 

the magnitude of current through the tip and tip-surface contact force, the conductive 

coating is partially (Fig. 3.4b) or fully damaged (Fig. 3.4c). In some cases, the tip radius 

became much wider (Fig. 3.4d) compared to the initial value of 20 to 25 nm. Scanning 

with the tips of larger radius of curvature led to a poor lateral resolution. Partially or 

completely damaged tips cannot establish a proper or steady electrical/physical contact 

with the sample surface and this would result in improper current images and surface 

topographs with low resolutions. Apart from the possible tip damage, large tip-sample 

contact forces (≥ 100 nN) could result in scratching or even removal of the film material 

(Fig. 3.4e). A number of factors affecting the tip-sample electrical contact (for e.g.       
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tip-sample contact force, tip scanning speed, wear of the conductive coating of the tip, 

stiffness of the cantilever and surface roughness of the sample) were properly optimized.  

3.3. RESULTS AND DISCUSSION 

3.3.1. Resistance change due to amorphous-crystalline phase-change 

The amorphous phase resistivity of the phase-change chalcogenide material decreases up 

to 3 orders in magnitude upon crystallization [43,44]. This concept (i.e., the resistivity 

change duo to phase-change) is the basic principle of PRAM and the proposed ovonic 

unified memory [45,46] or Philips line-cell memory [43]. When the applied electric field 

exceeds a threshold level, highly conductive filamentary pathways are formed within the 

material, and then when current is allowed to persist along these filaments, structural 

changes occur due to Joule heating if the temperature raises above the crystallization 

temperature (Tc) of the material. Depending on the magnitude of temperature and cooling 

rate, crystalline or amorphous phase will be formed. For instance, applying a voltage    

(or current) pulse with relatively longer pulse width and moderate amplitude leads to the 

low-resistive crystalline phase. 
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Fig. 3.5. (a) An electrical pulse with longer pulse width and moderate energy raises the material 
temperature above the crystallization temperature (Tc), but well below the melting temperature (Tm), 
and keeps it above Tc for enough duration to crystallize. This annealing-like process results in a low-
resistive crystalline phase irrespective of the material’s initial phase. (b) Heating the material closer to 
its Tm by an electrical pulse with narrow pulse width and high energy followed by a rapid cooling 
results a high-resistive amorphous phase. In this quenching-like process the material is not allowed 
long enough to crystallize in the regime above Tc.  
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Figure 3.5a shows the temperature variation in the material due to the application of a 

broader pulse with moderate amplitude. The temperature rises just above Tc and if the 

material is kept at this temperature regime for enough duration a low-resistive crystalline 

phase will result. On the other hand, applying an electric pulse with higher amplitude and 

shorter pulse width raises the temperature above the melting point (Tm). If the 

temperature drops rapidly down to room temperatures (i.e. not providing enough time to 

the material to crystallize in the regime between Tm and Tc) a high-resistive amorphous 

phase will be formed (see Fig. 3.5b). This process is comparable to a thermal quenching 

resulting in an amorphous phase.  
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Fig. 3.6. Resistivity and density variations in Ge2Sb2Te5 thin film upon crystallization. The initial 
amorphous phase transforms into first a meta-stable rocksalt-like structure at about 140oC, and then 
into a more stable hexagonal structure at about 310oC.  This figure is adapted from Ref. 44. 
 

In addition to the resistivity change, the structural transition also leads to a significant 

density variation [44,47]. Figure 3.6 shows the structural dependence of both the 

resistivity and density of a Ge2Sb2Te5 thin film. In this example from Ref. 44, the density 

reduces 7 to 9% and the resistivity drops more than 3 orders as a result of the amorphous 

to crystalline phase transition. Using CAFM, we examined both density and resistivity 

variations at nanoscale levels in 20 or 40 nm thick (as-sputtered) amorphous Ge2Sb2+xTe5 

films. By injecting electrical pulses into the film via the conductive probe of AFM, 

crystalline marks were written. Reading the marks (data) was done by sensing the 

electrical conductance (or resistance) and topography of the marks in comparison with 

the amorphous surroundings; see Fig. 3.3 for the schematic of the experimental setup.  
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Fig. 3.7. (a) A contact-mode AFM topograph showing a crystalline bit pattern written in a 20 nm thick 
amorphous GST film. (b) and (c) are the simultaneously recorded topographic and current-images.     
(d) A line profile of a row of crystalline marks in image (b) showing the film thickness (density) change 
upon crystallization. (e) A line profile of a row of crystalline marks in image (c) showing the electrical 
resistance change upon crystallization. The marks are well distinguishable from the amorphous 
background with a current contrast of about 3 orders of magnitude. 
 

As an example, a pattern of written crystalline marks (at a density of about               

50 Gb/inch2) in the amorphous film is shown in Fig. 3.7a. DC voltage pulses of 5 V 

amplitude and 500 ms temporal width were used for writing the marks. Figures 3.7b and 

3.7c indicate the density and resistivity variations, respectively, in the marks with respect 

to the amorphous background. Due to the densification upon the amorphous-crystalline 

phase transition, the written marks appear as pits in the AFM topograph (Fig. 3.7b).        

A line profile drawn along a row of such pits shows (see Fig. 3.7d) that the film thickness 

decreases up to 2.5 nm, which corresponds to about 6% density increase due to 

crystallization. This observed density variation is in agreement with the reported value of 

6 to 7% in Ref. 47 for the amorphous to rocksalt phase transition in Ge2Sb2Te5 films.  
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In Ref. 47, by X-ray reflectometry and AFM methods were used for the density 

measurements. Moreover, according to Ref. 47, it is likely that AFM-crystallization 

favours the formation of the meta-stable face centred cubic phase rather than the stable 

‘hexagonal’ phase. Figure 3.7c is the current-image that was recorded simultaneously 

with the surface topograph shown in Fig. 3.7b. The sample was biased with +1 V with 

respect to the AFM-tip. The current image shows that the written crystalline marks are 

highly conductive compared to the amorphous surrounding. The line profile                 

(see Fig. 3.7e) plotted over a row of crystalline marks of the current image Fig. 3.7c 

reveals that the crystalline marks are about 3 orders of magnitude (or more) conductive 

than the amorphous background. Since our experimental setup has a limitation of 

detecting current flows below 5 pA, the high-resistive amorphous phase current was not 

measurable for the lower bias voltages (1 to 2 V). Increasing the bias voltage above 

certain limits, say > 3 V, to measure the amorphous phase resistance, leads to a structural 

transition from the amorphous to crystalline phase.  

3.3.2. Resistance switching induced by the polarity of the applied voltage 

Further investigation on these tip-written crystalline marks revealed the existence of 

polarity-dependent resistance switching i.e., the electrical resistance of the crystalline 

marks was switchable between a low and high level by reversing the polarity of the 

applied electric field. This resistance switching is found to be reversible and nonvolatile. 

In the following sections, we demonstrate the PDR switching at three different length 

scales. Sections 3.3.2.1 and 3.3.2.2 demonstrate the switching at nano and submicron 

scale, respectively, using CAFM. Section 3.3.2.3 demonstrates the switching at 

millimeter and micrometer scales using simple capacitor-like memory cells.  

3.3.2.1. Polarity dependent resistance switching at nanoscale 

Figure 3.8a is a contact-mode AFM topograph showing an array of tip-written crystalline 

marks in an amorphous GST film. These marks were written by injecting DC voltage 

pulses of amplitude –5 V and width 500 ms from the tip into the electrically grounded 

film. One of the crystalline marks of this array was taken for examining the PDR 

switching. Scanning an area including the mark with a positive bias of +1.5 V (i.e. the 

film is biased with respect to the virtually grounded tip), referred as a SET operation, 
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brought the mark into a low-resistance (ON) state. On the other hand, a negative bias 

scanning with –1.5 V, referred as a RESET operation, takes the mark to a high-resistive 

(OFF) state. When SET and RESET operations were repeated with positive and negative 

biasing, the crystalline mark switched to low-resistance state (LRS) and high-resistance 

state (HRS), respectively. Simultaneous measurement of current flow through the tip 

during the SET and RESET operations allowed mapping of the resistance state of the 

mark. The background amorphous phase resistance during these operations remains 

below the current detection limit (< 5 pA) of our CAFM setup. 
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Fig. 3.8. (a) A contact-mode AFM topograph showing an array of tip-written crystalline marks in a 40 
nm amorphous GST film. (b), (c) and (d) are the topographs of a crystalline mark during the SET, 
RESET and SET operations, respectively. (e), (f) and (g) are the current-images recorded with biasing of 
±1.5 V showing ON, OFF and ON states of the mark, respectively. (h), (i) and (j) are the ON, OFF and 
ON state current profiles, corresponding to the images (e), (f) and (g), respectively.  
 

Figures 3.8b, 3.8c and 3.8d are the contact-mode AFM topographs of the tip-written 

crystalline mark during SET, RESET and SET operation, respectively. Figures 3.8e, 3.8f 

and 3.8g are the current-images showing the LRS, HRS and LRS of the mark during the 

SET, RESET and SET operation, respectively. Figures 3.8h, 3.8i and 3.8j are the current-

profiles connected to the current images 3.8e, 3.8f and 3.8g, respectively. Note that the 
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HRS of the mark is electrically indistinguishable from the surrounding amorphous phase 

(compare 3.8f and 3.8i). This is because the current flow through the high-resistive 

crystalline phase is as low as the amorphous phase or at least lower than the detection 

limit (5 pA) of our CAFM setup. According to Figs. 3.8b, 3.8c and 3.8d, the topography 

of the crystalline mark did not alter markedly during the SET-RESET operations. This 

indicates that there is no density change involved with this PDR switching. The ON-state 

current profiles, 3.8h and 3.8j, reveal that the mark has a resistance contrast of at least 

more than 2 orders of magnitude with its surrounding. The magnitude of operating 

voltage for this switching is 1.5 V, which is clearly lower than the threshold voltage of 

about 4 V required to induce the phase transition. The latter indicates that the PDR 

switching could be interesting for low power memory devices, as it requires relatively 

low operating voltages. In the current-images 3.8e and 3.8g, it can be seen that the 

electrical conductivity of the crystalline mark is not homogeneous over the mark area 

(dashed circle). A considerable area fraction within the mark is at higher resistance states 

instead of LRS. This could be due to several factors including an improper tip-sample 

electrical contact. The electrical contact between the tip and sample can be deteriorated 

by several factors including the surface morphology, faster tip scanning and removal of 

the tip coating (or damage of the tip) by mechanical wearing or electrothermal (melting) 

damage.   

3.3.2.2. Polarity-dependent resistance switching at submicron scale 

The PDR switching was further tested over a larger area, 500 by 500 nm, which was 

electrically crystallized with a 5 V (i.e., the sample was biased to –5 V with respect to the 

grounded tip) at a tip scanning speed of 5 µm/s. The large area crystalline mark was then 

considered for SET-RESET operations. An area of 1 by 1 µm including the crystalline 

mark was scanned by CAFM with an operating voltage of ±1 V. The experimental 

schematic for the SET-RESET operations is shown in Fig. 3.9a. For the SET operation, 

the sample was biased to +1 V with respect to the tip that is electrically grounded. Figure 

3.9b shows that the crystalline mark is at low-resistance (ON) state during the SET 

operation. The current profile of the ON-state shown in Fig. 3.9c reveals that the 

resistance contrast between the ON-state of the mark and amorphous background is about 

three orders of magnitudes. When the voltage polarity is reversed for the RESET 
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operation (i.e. the sample is at –1 V and tip at ground potential), the mark reaches a high-

resistance (OFF) state.  
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Fig. 3.9. (a) Experimental setup for SET-RESET operations. (b) Current-image recorded with a bias of 
+1 V showing a high-conductive ON-state of the crystalline mark in a low-conductive amorphous 
surroundings. The 500 by 500 nm crystalline mark was previously formed by the tip with 5 V. (c) The 
current-profile showing the ON-state resistance of the mark. The conductivity difference of the ON-
state with the amorphous background is about 3 orders. (d) Current-image recorded during the RESET 
operation with a bias of –1 V. (e) The current-profile of the mark at OFF-state. This indicates that the 
RESET operation promotes the resistance of the mark to a higher value that is almost indistinguishable 
from the amorphous-phase-resistance. (f) and (g) are current-image and current-profile, respectively, 
showing the reproducibility of the ON-state upon a repetitive SET operation. 
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The OFF-state resistance of the mark is completely indistinguishable from that of the 

amorphous surroundings as shown in Figs. 3.9d and 3.9e. Repeating the SET operation 

reproduces the ON-state of the mark with almost the same resistance contrast with the 

background (see Figs. 3.9f and 3.9g). Figures 3.9b and 3.9f show that the electrical 

resistance of the ON-state (i.e., the LRS) is not homogeneous throughout the mark area 

(dashed red square) and a considerable area fraction within the mark region is at high-

resistance. Various possible reasons for such inhomogenities in the ON-state resistance 

are already explained in the last paragraph of the previous section. However, in this 

particular case, the improper electrical contact between the tip and sample surface (due to 

faster tip scanning) is expected predominantly to cause incomplete crystallization. 

Measuring the write/erase cyclability with CAFM setup is highly limited (unlike with 

memory cell structures) due to the tip-sample electrical contact problems. With repeated 

write-erase operations, the resistance contrast of the ON-state with the background tends 

to reduce due to the damage of the metallic tip coating (although the measurements were 

performed at optimum tip-sample contact forces < 50 nN). Indeed, the melting damage of 

the conductive coating was difficult to control due to very high current densities at the tip 

edge. Replacing the damaged tip with a proper one did recover the resistance contrast, but 

this added the difficulty to locate the mark(s). Despite these practical limitations, we 

examined the write/erase cyclability up to ten times without significantly loosing the 

resistance contrast. In addition, testing the data retention time was also limited by several 

factors including (i) locating the mark after a prolonged period turns out difficult due to 

the drift of the tip position and (ii) keeping the written mark exposed to air for longer 

durations leads to the formation of insulative layer(s) on the film surface. Nevertheless, 

we succeeded to locate the marks after 48 hours with almost the initial resistance 

contrast, indicating that the marks are nonvolatile within the tested period.  

3.3.2.3. PDR switching with capacitor-like cells: a macroscopic approach 

The CAFM setup added difficulties in measuring the PDR switching parameters such as 

write/erase cyclability with voltage pulses, electrode material influence on the switching, 

data retention and response time due to the stability issues with the tip-sample (electrical) 

contact. To overcome these constraints, we designed and investigated simple capacitor-

like cells, where the conductive AFM-tip was replaced by a static metallic contact.         
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A schematic representation of such prototype cell is shown in Fig. 3.2a. The bottom-

electrode material, molybdenum, was kept unchanged, but the top-electrode was either 

silver or aluminum.  

Table 3.1. Materials and dimensions of the top-electrodes used in the capacitor-like memory cells 

Top-electrode material Thickness Size 
Silver ~ 0.1 mm ~ 1 mm 
Aluminum ~ 1.0 µm 50 to 100 µm 

The dimensions of the top-electrodes are given in table 3.1. Note that before any PDR 

switching studies with the cells, the amorphous GST between the top and bottom-

electrode was crystallized by sweeping the voltage from zero to values higher than the 

threshold level for crystallization. PDR switching studies were then performed with this 

crystalline phase at voltages always < Vth required for crystallization. Without this initial 

crystallization, PDR switching turned out to be impossible. The switching properties of 

the cells with Ag and Al top-electrodes are discussed in the following sections. 

a) Cells with Ag top-electrode 

A typical IV behavior of a cell with Ag top-electrode is shown in Fig. 3.10a and 3.10b. 

The sample showed two distinct resistance levels; a low ohmic and a high-ohmic one. 

When sweeping the voltage from zero to the negative values with respect to the bottom 

electrode, a linear IV behavior is observed until the voltage reaches about –0.4 V. Then, a 

sudden change in sample resistance occurs at –0.4 V, i.e., the sample switches to a high-

resistance state (HRS), which is about 5 times higher than the sample’s initial low-

resistance state (LRS). The sample remains at the HRS for further sweep from –0.4 to     

–0.6 V and also for the reverse sweep from –0.6 to +0.5 V.  

The HRS of the sample shows an almost linear IV behavior for the voltage sweep 

from –0.6 to +0.5 V. When increasing the voltage above +0.5 V, the sample switches 

back to its LRS (above +0.5 V) and remains in this state during a further voltage sweep in 

this direction. For applied voltages higher than +0.5 V, the sample-current rises above   

30 mA, which is the (upper) current limit imposed to the sample. The cutoff for larger 

currents above 30 mA was necessary to prevent the electrical breakdown of the sample. 

IV curves (Figs. 3.10a and 3.10b) clearly exhibit the two (meta-) stable resistance states 
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of the PDR switching. This intrinsic memory effect of the sample was reproducible for a 

number of cycles with about ±0.5 V switching voltages and the resistance states were, as 

tested, nonvolatile at room temperature for several months. 
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Fig. 3.10. (a) Memory switching IV behavior of a PDR cell with Ag top-electrode. (b) Cell resistance in 
logarithmic scale as a function of the switching voltage. (c) Pulse-mode switching operation of a PDR 
cell with voltage pulses of ±1.25 V and 1 μs. (d) Pulse-mode switching operation of another PDR cell 
with voltage pulses of ±1.0 V and 250 μs. 
 

The use of pulsed-DC voltages is preferable for data recording, particularly to allow a 

faster data recording and to reduce thermal effects or damage. Hence, we examined the 

PDR switching behaviour of the capacitor-like cells with voltage pulses. Figures 3.10c 

and 3.10d are the examples showing the pulse-mode operation of the cells with voltage 

pulses of various amplitudes and widths. The switching pulses were injected from the 

top-electrode with respect to the bottom-electrode, which is at ground potential. Negative 
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voltage pulses promote the sample to the high-resistance state, whereas the positive 

pulses bring the sample back to the low-resistance state. After each switching pulse, the 

resistance state of the sample was measured with a read pulse of 0.1 V amplitude and    

20 ms width. The read pulse energy is much lower than the switching pulses and the 

polarity of the read pulse can be either positive or negative.  

Although the data points show some scattering, the two levels of resistance also 

clearly occur in the pulse-mode operation. Compared to continuous DC voltage switching 

as shown in Fig. 3.10a and 3.10b, in pulsed-voltage switching, the threshold level for 

switching is increased, but the switching cyclability is enhanced to a larger number of 

cycles. In Fig. 3.10c, pulses of 1.25 V amplitude and 1 µs width allow at least              

100 switching cycles with a resistance contrast between LRS and HRS (CHRS-LRS) of about 

150%. In an another example shown in Fig. 3.10d, 1.0 V and 1.25 µs pulses demonstrate 

the PDR switching for ~ 400 cycles with CHRS-LRS of about 100%. In many experiments 

including those given in Figs. 3.10a and 3.10b, it was observed that the total cell 

resistance switches between about 50 and 100 Ω. The total cell resistivity values 

corresponding to these LRS and HRS are about 980 Ωm and 1960 Ωm, respectively. 

b) Cells with Al top-electrode 

Capacitor-like PDR cells with aluminum top-electrodes were prepared to examine the 

switching at micronscale. A pattern of such cells formed on the GST layer is shown in 

Fig. 3.11a. The typical IV characteristics demonstrating the PDR switching behaviour of 

one of the cells is shown in Fig. 3.11b. With continuous DC switching voltage, the HRS 

to LRS and LRS to HRS switching occurred at about +0.9 V and –0.8 V, respectively. 

The IV relationship of the LRS is slightly deviating from the linear trend as was observed 

for the cells with Ag top-electrodes. The reason for the deviation is not fully understood, 

however, it is expected that the contact-resistance (that varies with the electrode material) 

at the film-top-electrode contact could have influenced the resistance states. The pulse-

mode operation of the cell with 1.5 V and 250 µs pulses is shown in Fig. 3.11c. The two 

stable resistance states (HRS of about 40 kΩ and LRS of about 20 kΩ) are well separated 

with a resistance contrast of about 100% and stable for more than 100 cycles. 

The total cell resistivity values at LRS and HRS for Al electrode are comparable to 

those for Ag electrode (i.e. the resistivity was about 980 Ωm at LRS and about 1960 Ωm 
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at HRS). These values cannot be directly compared with the LRS and HRS resistivities of 

the AFM setup because of the nonstatic top-electrode contact (i.e. the moving tip). 

However, for an AFM contact dimension of 100 nm, the LRS resistivity is about          

230 Ωm, and this value is closer to the LRS resistivity of 200 Ωm calculated from the IV 

measurements of the cells. It should be pointed out here that in the capacitor-like cells, 

the resistance states associated with the pulse-mode operation were always between the 

low and high resistance levels observed in the IV measurements. Similar comparison for 

HRS resistivity cannot be made, because the HRS with the AFM-setup is beyond the 

measurable range of the equipment. 
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Fig. 3.11. (a) SEM image (top left) showing an array Al top-electrodes on GST film. The magnified 
image (top middle) shows the ultrasonically soldered Au wire with the Al electrode. (b) Memory 
switching IV behavior of a cell with Al top-electrode. (c) Pulse-mode PDR switching with ±1.5 V and 
250 μs pulses in a cell with Al top-electrode. 
 

From the experiments (with CAFM and capacitor-like cells) it is revealed that the 

PDR switching is independent of the (top) electrode material and not limited to the cell 

size (within the examined range from millimeter to nanometer). In the CAFM setup, the 

recording (writing/erasing/reading) speed depends on several factors including the 
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current detection sensitivity of the setup, scan speed of the tip and pulse shape loss (for 

the short duration pulses typically below a few µs) due to the large capacitance of our 

nonoptimized test structures.  

3.3.3. Mechanism of polarity-dependent resistance switching 

The electrical resistance switching driven by the polarity of the applied electric field can 

be related to the solid-state electrolytic behaviour of the chalcogenide material. When a 

solid electrolyte is subjected to an electric field, electrochemical reactions (near the 

electrodes) lead to ionic conduction. If the electric field strength is sufficiently large, 

electrically conductive filamentary pathways appear between the electrodes within the 

electrolyte media leading to a lower-resistance state. When the polarity of the electric 

field is reversed, the preexisting electrical pathways become discontinuous due to ion 

migration in the opposite direction and lead to a higher-resistance state. Figures 3.12a and 

3.12b schematically illustrate the formation and rupture, respectively, of such conducting 

filaments driven by the polarity of the applied electric field in a solid-state electrolyte.  

Chalcogenide materials showing the PDR-type memory switching include AgS 

[15,31], AgGeSe [17,32], AgGeTe [18], AgInSbTe [19] and CdPbS [48]. In these        

Ag-saturated chalcogenides, low and high-resistance states are the consequence of the 

formation and rupture of (dendrite-like) Ag-filaments, respectively, due to the electric 

field driven Ag ion migration. Switching voltage of these materials scatters from 0.2 to   

6 V and the LRS to HRS contrast is about 3 orders of magnitude. A similar electrolytic 

switching mechanism as associated with Ag-saturated chalcogenides probably holds for 

our Sb-rich Ge2Sb2+xTe5 chalcogenide material, in which conductive Sb-filaments 

(similar to Ag-filaments) can be formed and dissolved by the applied electric filed. Note 

that the switching is associated with the crystallized volume of the amorphous 

Ge2Sb2+xTe5 film. Crystallizing this type of film leads to phase separation, i.e., 

stoichiometric Ge2Sb2Te5 nanocrystals are formed with (the remaining) Sb at the grain 

boundaries in amorphous phase [49]. Furthermore, cross-sectional TEM studies show that 

GeSbTe films, upon crystallization, have a strong tendency to form crystals near the film 

surface leaving some amorphous volume near the film-substrate interface [50-52]. 

Based on these postulates, the crystallized volume considered for PDR switching is 

expected to consist of Ge2Sb2Te5 nanocrystals with amorphous Sb at grain boundaries 
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and a small volume fraction of GST amorphous phase in the surroundings (see            

Fig. 3.12c). It should also be considered that (metallic) Sb is also several orders of 

magnitude more conductive than Ge and Te within the GST system. Therefore, when the 

crystallized volume is subjected to a sufficiently strong electric field, conducting           

Sb filaments or bridges form (see Fig. 3.12c) and can bridge the Ge2Sb2Te5 grains 

through the amorphous matrix with the electrodes. These bridges persist until they are 

dissolved or ruptured by reversing the electric field direction. Instead of Sb filaments, 

also a similar (electrolytic) mechanism, where grain boundaries can switch between a 

conductive and insulating state can explain the observations (though we cannot 

distinguish from the filament mechanism).  
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Fig. 3.12. (a) Filament formation: When a solid-state electrolytic material is subjected to an electric 
filed, metal(lic) ions form at the cathode and migrate towards the anode, where the neutral metal(lic) 
atoms accumulate. For e.g., if the top-electrode is negatively biased with respect to the bottom-
electrode, due to solid-state electrochemical reactions, one or more (dendrite-like) metallic pathways 
originating from the anode (bottom-electrode) will proceed across the material and connect with the 
opposite electrode. Such conductive filament(s) formation will lead the material to a low-resistance 
state. (b) Filament rupture: When the applied electric field direction is reversed, the ions produced at 
the top-electrode (which is now a cathode) start to migrate towards the bottom-electrode (now anode). 
This leads to rupture of the existing filament(s), especially to a larger extent near the cathode. At this 
condition ( i.e., with the reverse electric field), new dendrites can also start to grow from the bottom-
electrode. The filament breakage brings the material into a high-resistance state. (c) Schematic for the 
formation of electrically conductive pathways in Sb-rich Ge2Sb2+xTe5 film: For one particular polarity of 
the applied electric field, excess-Sb at Ge2Sb2Te5 grain boundaries electrically bridge the grains 
surrounded by amorphous phase with the electrodes. These Sb-bridges (or filaments) remain until they 
are dissolved by a sufficiently high electric field with a reverse polarity.  
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Fig. 3.13. (a) Capacitor-like memory cell structure with a stoichiometric Ge2Sb2Te5 film.                      
(b) IV behaviour of a capacitor-like cell contains stoichiometric Ge2Sb2Te5 as an active layer. 
 

To reveal the contribution of excess-Sb in PDR switching, stoichiometric Ge2Sb2Te5 

films (in which Sb-bridging is not likely to happen) were examined. DC magnetron 

sputtering was used to deposit 40 nm thick amorphous Ge2Sb2Te5 films with 100 nm 

thick molybdenum bottom-electrode onto silicon substrates at room temperature. 

Capacitor-like cells (similar to those created with Sb-rich Ge2Sb2+xTe5 films) were 

formed with the films with Ag top-electrodes (see Fig. 3.13a). The volume underneath 

the Ag top-electrode was electrically crystallised (with a continuous DC voltage, V > Vth 

for crystallization) prior to the pulse-mode PDR switching experiments. The IV 

characteristics of the cell, shown in Fig. 3.13b, do not show any evidence for a resistance 

switching behaviour. The sample current linearly increases with the voltage sweep in 

both positive and negative directions (i.e., the sample resistance does not significantly 

change with the applied voltage polarity). No threshold point in the applied voltage is 

detected at around 0.5 V as it was observed (compare Fig. 3.10a) for a 40 nm Sb-rich 

Ge2Sb2+xTe5 film.  
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Fig. 3.14. Response of the cell-resistance to the switching pulses of various amplitudes and pulse 
widths: (a) cell response for 1.25 V, 1 μs pulses. (b) cell response for 1.25 V, 50 μs pulses. (c) cell 
response for 1.5 V, 1 μs pulses. (d) cell response for 1.5 V, 250 μs pulses. ▲: positive pulses,                 
O: negative. 
 

DC voltage pulses of various amplitudes and widths were applied to the cell in order 

to examine the response of the cell-resistance to the pulse-polarity and the results are 

shown in Figs. 3.14a to 3.14d. With respect to the bottom-electrode, positive and negative 

switching pulses (of amplitudes > 1 V and widths > 1 µs) were alternately injected from 

the top-electrode. The sample remained almost in a single resistance state without 

showing any pronounced response to the applied pulse polarity except after a long history 

of applied voltage pulses for the switching pulse of 1.5 V and 250 µs (Fig. 3.14d). The 

fluctuation in the cell resistance observed in Fig. 3.14d could be due to the 

electrothermally induced phase separation in the Ge2Sb2Te5 alloy upon repetitive high 

energy pulse inputs. The PDR switching experiments with stoichiometric Ge2Sb2Te5 

films, therefore, supports the proposed model that the metallic Sb-content in the GeSbTe 

composition is crucial for the switching to become operative. 
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3.4. CONCLUSIONS 

The electrical resistance switching behaviour of Sb-rich Ge2Sb2+xTe5 films was analysed 

at various length scales (mm to nm) using CAFM and capacitor-like memory cells. The 

films exhibited two types of resistance switching induced by: (i) the amorphous to 

crystalline phase-change and (ii) the ionic conductivity of the material due its solid-state 

electrolytic behaviour. In both cases, the resistance of the film switched between a low 

and high level. The second switching type, named as polarity-dependent resistance (PDR) 

switching, was associated with the crystalline phase and driven by the polarity of the 

applied electric field. Low and high resistance states of the switching were attributed to 

the formation and rupture of electrically conductive Sb filaments, respectively, between 

Ge2Sb2Te5 crystals and the electrodes through the high resistive amorphous phase.  

The role of Sb in the switching was verified by examining stoichiometric Ge2Sb2Te5 

films, which did not exhibit PDR switching but showed only amorphous to crystalline 

phase-change. PDR switching in Sb-rich Ge2Sb2+xTe5 thin films was reversible and could 

be achieved with continuous or pulsed DC voltages of magnitude ≤ 2 V, whereas our 

CAFM experimental setup required at least 4 V for the amorphous-crystalline transition. 

At nanoscales, the contrast between the two stable resistance states was up to 3 orders of 

magnitude. The resistance contrast between the crystalline phase at high-resistance state 

and background amorphous phase was not clearly detectable, since the current through 

these phases was lower than the detection limit of our CAFM setup.  

Simple capacitor-like memory cells fabricated with Ge2Sb2+xTe5 films with Al or Ag 

top-electrodes demonstrated the switching reversibility for several hundred cycles. The 

data retention time at room temperature was more than several months and the switching 

performance was not significantly influenced by the top-electrode material type. 

Determining the minimum response time of the switching was limited by the 

experimental setup, however, the switching was demonstrated with 1 µs voltage pulses. 

The work of this chapter is the first demonstration of two types of resistance switching 

mechanisms (phase-change and PDR switching), in a single (dedicated) phase-change 

material. The present findings are believed to expand the applicability of GeSbTe thin 

films and could render powerful opportunities to data storage if the switching 

mechanisms are properly combined.  
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CHAPTER 4 

Isothermal in-situ TEM crystallization 
studies of SbxTe thin films 
In this chapter, the results of in-situ TEM crystallization studies of fast growth type 

doped-SbxTe thin films are presented and discussed. Focus has been given to the 

influence of Sb/Te ratio and capping layer type on the growth parameters. As-deposited 

amorphous SbxTe films sandwiched between two types of capping layers were 

isothermally crystallized at various temperatures. The growth parameters such as crystal 

growth velocity and activation energy for crystal growth were quantitatively determined. 

Points to be noted in this chapter are; (i) SbxTe films were deposited using multiple 

targets onto the silicon wafers containing electron transparent silicon nitride membranes 

and (ii) during the isothermal crystallization experiments (within the TEM), the samples 

were continuously exposed to the electron beam of the TEM, which has a potential 

influence in the crystallization process.  

4.1. INTRODUCTION 

Chalcogenide materials currently used in phase-change optical discs (e.g. rewritable CD, 

DVD, Blu-ray Disc and HD-DVD) are also tested for the application of an electrical 

nonvolatile memory named as “phase-change random access memory” (PRAM) or 

“ovonic unified memory” (OUM) [1-10]. In both the optical and electrical phase-change 

memories, data is written by locally melt-quenching the crystalline phase-change film 

into an amorphous state using an optical (usually a laser) or electrical pulse. The written 

amorphous mark (bit) can be read due to its large optical (reflectivity) or electrical 

(resistivity) contrast with the crystalline background. Erasing data involves (optically or 

electrically) heating the bit to temperatures between the crystallization and melting points 

and allowing it to recrystallize.  
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The crystallization rate in phase-change recording is becoming increasingly important 

because of the increasing demand in the data transfer rate. Crystallization is the rate 

limiting process, because amorphization is a much faster process than the crystallization 

[11]. Thus, understanding the kinetics of crystallization is crucial for the development of 

high speed phase-change recording materials. A detailed outlook on the various potential 

materials for phase-change recording is discussed in Ref. 12. However, to achieve high 

data transfer rate, materials showing fast growth (i.e. growth-dominated crystallization 

behaviour) are preferable among the other choices [13,14]. Fast-growth materials are also 

suitable for high data density media, where if the amorphous mark (i.e. bit) size 

decreases, the area has to be crystallized also decreases and consequently the erasing or 

overwriting speed increases. For decreasing mark sizes, nucleation becomes less of an 

issue since nuclei for the growth are always available at the edge of the mark (see the 

growth-dominant crystallization mechanism in chapter 1). Therefore, phase-change 

materials showing very low nucleation rates, but fast growth rates become increasingly 

important.  

Doped Sb-rich SbxTe thin films, belonging to this so-called fast-growth category, are 

investigated and discussed in this chapter. A systematic investigation of the influence of 

three different Sb/Te ratios, x = 3.0, 3.6 and 4.2, on the crystallization kinetics, in 

particular the crystal growth rate was performed. In addition to this, the influence of two 

types of thin dielectric capping layers on the crystallization kinetics of SbxTe thin films 

was studied. The crystallization process was analyzed by transmission electron 

microscopy using in-situ annealing. Advantage of this technique is that it provides 

quantitative information on the nucleation and growth properties separately with a high 

spatial resolution, where for instance nuclei as small as 5 nm are detectable. Generally, 

most of the other techniques employed for analyzing crystallization kinetics measure the 

overall crystallization, which is actually an interplay of both nucleation and growth, but 

are unable to unravel the separate contributions.  

Using TEM, crystal structure(s), crystal size distributions, crystal shapes, crystal 

orientations and defects within the crystals grown can be assessed. However, a 

disadvantage is that the electron beam of the TEM affects the crystallization process of 

the phase-change thin films. In a previous study [15] on Ge2Sb2Te5 thin films, it is shown 
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that the electron beam strongly influences the nucleation rate, obscuring a normal 

isothermal/isochronal analysis of the transformation kinetics. Similar effects were also 

reported [16] for Sb3.6Te thin films with different Ge concentrations, but it was found that 

the growth rates could still be measured reliably. A separate investigation concerning the 

effects of the electron beam on the crystallization of the SbxTe films is presented in 

chapter 6 (see also Ref. 17). 

4.2. EXPERIMENTAL PROCEDURE 

Magnetron sputtering was used to deposit 20 nm thick doped-SbxTe films sandwiched 

between 3 nm thick amorphous dielectric layers. Three different Sb/Te ratios, x = 3.0, 3.6 

and 4.2, and two types of dielectric capping layers, ZnS-SiO2 (80 at.% of ZnS + 20 at.% 

of SiO2) and GeCrN, were chosen. The dopant level (of about 8 at.% of In + Ge) was 

kept constant within the SbxTe films. 25 nm thick amorphous silicon nitride membranes 

supported by silicon wafer were used as substrates and these are commercially available 

(Agar Scientific Ltd.). The electron transparency in the substrates is actually achieved by 

etching 500 by 500 square micron windows in a silicon wafer containing a thin silicon 

nitride film on one side. The films deposited on these substrates can be directly analyzed 

(planar view) with TEM without any additional preparations. DC magnetron sputtering 

with a power of 0.25 kW and argon pressure of 1.0 Pa was used to deposit the phase-

change thin films. The target-substrate distance was 3.1 cm. RF magnetron sputtering 

was used to deposit both the dielectric layers. ZnS-SiO2 (ZSO) was deposited with       

0.8 kW RF power and 0.75 Pa argon pressure. GeCrN (GCN) was deposited with 1.0 kW 

RF power and a sputtering gas mixture (of Ar + N at 2:1 ratio) at a pressure of 2.8 Pa. 

The target-substrate distance was 43 mm during the deposition of these dielectric layers. 

The diameter of the sputtering targets was 200 mm.  

A JEOL 2010F transmission electron microscope operating at an accelerating voltage 

of 200 kV was used for crystallization experiments. A Gatan double tilt heating holder 

(model 652 with a model 901 SmartSet hot stage controller) equipped with a proportional 

integral derivative (PID) controller accurately controlled the annealing temperature 

(within ± 0.5oC) and enabled a fast ramp rate to attain desired final temperatures without 

overshoot. It should be noted that the actual temperature over a small region of the 
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specimen that is imaged by TEM would be generally lower than the indicated 

temperature of the heating element. The higher the working temperature, the larger will 

be the discrepancy in the temperature. Since our experiments were performed below 

200oC, the discrepancies in the order of a few degrees are expected. However, to 

minimize the discrepancy and ensure proper comparison between the specimens, the 

measurements were confined to small areas at the edges of the silicon nitride window.    

A clear gradient was observed in the crystal nucleation and growth rates over time from 

the edge to centre of the electron transparent window. Nevertheless, within relatively 

small investigated areas this gradient is negligible. 

To measure the crystal growth rates accurately, crystallization is monitored at 

relatively high magnifications (105 Х) within the TEM. However, this had two main 

disadvantages; (i) the number of crystals nucleating in the observed area is very small 

(typically 1 to 4) and this limits the accurate statistical analysis on the nucleation rate and 

(ii) the higher the magnification, the higher will be the current density of the electron 

beam transmitting through the specimen and this increases the possibility of the electron 

beam influence on nucleation and growth processes of the specimen. However, these 

issues can be solved or at least minimized as explained in the following. This first issue 

can be solved by observing a large area or integrating many small areas (showing 

identical thermal histories) together in order to count a sufficient number of nuclei to 

make a reasonable statistics on the nucleation rate. The second can also be easily solved, 

since the influence of electron beam on the crystallization is more pronounced at the 

annealing temperatures [15,16]. Therefore, avoiding the electron beam exposure at 

elevated temperatures and performing TEM measurements close to room temperature, the 

second issue can be solved.  

The work of this chapter includes the abovementioned two disadvantages, but in the 

work of chapter 5, these issues were solved as indicated. Comparisons of the growth rates 

obtained with and without electron beam exposure are given in chapter 6. Ref. 16 showed 

that the influence of electron beam on nucleation was large, but not significant on growth. 

In the present work, however, the electron beam were also found clearly increase the 

crystal growth rate. The specimens analyzed in Ref. 16 were electron beam evaporated, 

but in the present case they are sputtered. In order to maintain the temperature effects due 
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to the electron beam heating, care was taken to use in all cases an identical current 

density of the electron beam through the sample.  

4.3. RESULTS AND DISCUSSION 

4.3.1. In-situ TEM observations of crystal growth 

Reasonable incubation times for crystallization (within one hour) and absence of 

crystallization before reaching the desired isothermal transformation temperatures set 

clear limits to the temperature interval that is suitable for the in-situ TEM crystallization 

studies. For the samples addressed presently, this temperature interval was found to be 

between 150 and 190oC. The incubation time for crystal nucleation was clearly shorter 

when GCN capping layers were used instead of ZSO. Therefore, it was possible to 

crystallize the GCN capped SbxTe films from 150oC, and the ZSO capped SbxTe films 

from 160oC.  
 

 
Fig. 4.1. Bright-field TEM images showing the growth of crystals in a ZnS-SiO2 capped Sb3.0Te film 
when isothermally annealed 170oC. The time indicated in the images are the annealing durations 
measured after the nucleation excluding the incubation time of 45 minutes. 
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An example for the in-situ TEM observation of the crystallization of SbxTe films is 

shown in Fig. 4.1. This example belongs to Sb3.0Te film with ZSO capping layers when 

isothermally annealed at 170oC. The incubation time in this case was about 4.5 minutes. 

The images show that the growing crystals are more or less circular, meaning that the 

growth is isotropic. When the dielectric layers were GCN, growth appeared to be less 

isotropic compared to ZSO. Images of the as-deposited amorphous film show the 

presence of distinct particles with sizes up to 40 nm. Later on, we detected that a 

nonuniform thickness of the commercially obtained silicon nitride windows was partly 

responsible for the particles by checking the as-received windows. However, particles 

were also detected by TEM (compare Figs. 4.1, 4.6 and 4.7) and tapping mode AFM. 

These particles were observed for the three types of Sb/Te ratios and the two types of 

dielectric layers. Energy dispersive X-ray (EDX) spectroscopy measurements connected 

to the TEM indicated that these particles appear to be slightly enriched in Ge and Te and 

depleted in Sb. They probably developed because multiple targets were used for 

sputtering in order to arrive at the films with the large variation in Sb/Te ratio. Indeed, 

subsequent work on phase-change films sputtered from a single target showed that these 

particles were absent. During the sputtering process in the gas or plasma phase, atoms 

from the different targets apparently aggregate and form particles that are subsequently 

deposited. Chemical bonding preferences (e.g. between Ge and Te) during this 

aggregation could explain the composition of the particles that slightly deviates from the 

average composition of the phase-change film.  

These particles had clear influence on nucleation; they acted as preferential sites for 

nucleation. Nevertheless, significant differences in nucleation rate were still observed for 

the various Sb/Te ratios and the two dielectric layer types as discussed in section 4.3.4. 

Moreover, the overall growth rates of the films were not affected by the presence of these 

particles. Since the thickness of the phase change film is controlled by the mass change, 

the presence of the particles reduced the thickness of the phase change film. However, 

from the particle density and their size it can be estimated accurately that the film 

thickness was not smaller than 18 nm instead of the nominal 20 nm. The effect of the 

particles on the nominal composition of the phase-change film was negligible. 

Differences in chemical composition (> 1 at.%) between the crystalline and amorphous 
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phases were not detected by the EDX analysis. This indicated that the growth is interface 

controlled, not diffusion controlled. 

The crystals, as depicted in the bright-field TEM images, are generally brighter than 

the surrounding amorphous matrix. This shows that the crystals are not viewed along a 

low index crystallographic direction (where substantial diffraction would cause a strong 

reduction of the intensity of the undiffracted beam). Within the bright crystals, dark/black 

lines can be discerned (particularly clear in Fig. 4.6b). This observed contrast shows that 

within each nucleated and grown crystal, bending of crystal planes occurs and such 

bending can be directly and unambiguously observed [16]. However, in the present case 

due to the presence of the capping layers, the amount of bending cannot be correctly 

quantified. It seems that the amount of bending is reduced by the capping layers. In the 

work of Ref. 16, each nucleated crystal could still be called a single crystal (although 

they bent severely) and therefore would be better named as transrotational crystal [18]. In 

the present work, due to the capping, a crystal splits up during growth in domains with 

less correlated orientations than in a transrotational crystal, in agreement with the 

polycrystalline diffraction patterns observed. 

4.3.2. Crystal growth velocities influenced by relaxations 

A larger number of images than shown in Fig. 4.1 allow the measurement of the average 

crystal diameter as a function time and such measurements are shown in Fig. 4.2a. The 

slopes of the linear regressions in Fig. 4.2a allow to determine the crystal growth 

velocities i.e., half of the values of the slope, since it corresponds to the advancement of 

two interfaces. Two important effects are observable in Fig. 4.2a. First, the crystal size is 

generally not a perfectly linear function of time, but the growth rate increases with time. 

In order to observe this clearly, the number of data points has to be sufficiently large and 

the time interval sufficiently long. Therefore, this effect was probably unnoticed up to 

now in previous growth studies on sputtered phase-change films [19-22]. Figure 4.2b 

shows another example of the deviation from linear growth. The positive curvature can 

be accurately described by a parabolic fit, which shows that the increase of the growth 

velocity is approximately a linear function of time. The second connected effect is that 

crystals that nucleate later show on average a higher growth velocity. This is observable 

in Fig. 4.2a and another example is shown in Fig. 4.3.  
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Fig. 4.2. (a) Crystal diameter, d, as a function of annealing time, t, during the isothermal annealing of 
ZSO capped Sb3.0Te film at 170oC. The symbols, ,  and  indicate various crystals monitored 
simultaneously during the annealing process. In this example, crystal nucleation was observed after an 
incubation time of 4.5 minutes. (b) Position of the crystal front as a function of annealing time. This 
graph belongs to the growth of a crystal in a ZSO capped Sb4.2Te film annealed at 170oC. Incubation 
time for this crystal nucleation was 19 minutes. 

 
For the case shown in Fig. 4.3, crystallization of the observed area occurred within 

the order of a few minutes and therefore a difference of incubation time clearly longer 

than this crystallization time resulted in a clear difference in growth velocity. The growth 

velocities between 4 and 6 nm/s hold for a short incubation time of 2 minutes, whereas 

the growth rates between 10 and 11 nm/s hold for an incubation time of 10 minutes. 

These results show that during annealing (and simultaneous electron beam exposure) 

relaxations within the films take place, which results in a subsequent increase in the 

growth rate. Instead of relaxations, a still slowly increasing temperature, with a few 

degrees, may be a plausible explanation for the present observations. However, there are 

clear indications, as will be explained below, that this explanation does not hold.  

The word ‘relaxation’ implies that the physical picture behind the mechanism that 

leads to an increased growth rate is understood to be stress or structural relaxations. The 

word relaxation is adapted since it was used to explain very similar behavior observed in 

previous work on as-sputtered amorphous Sb0.87Ge0.13 films [22]. This article reported 

that local relaxations produced by laser irradiation resulted in a decrease of crystallization 

temperatures, an increase of crystal growth velocity and a lowering of the activation 

energy for growth. These relaxations are pronounced in the presently studied sputtered 



Isothermal in-situ TEM crystallization studies of SbxTe thin films 

 83

films, but were not detected in the previous studied electron beam evaporated phase-

change films [16].  
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Fig. 4.3. Crystal front position as a function of annealing time, t, during crystallization of a ZSO capped 
Sb4.2Te film at 180oC. The growth velocities between 4 and 6 nm/s hold for the crystals, indicated by 
the symbols  and , with an incubation time, τ, of 2 minutes. The crystals indicated by  and  symbol 
nucleated after τ of 10 minutes and showed growth velocities between 10 and 11 nm/s. 

 
Possible origins for the observed relaxations could include, (i) the large residual 

stresses (ii) the presence of argon within the sputtered film. In this context, it is 

informative to note that the dielectric layers could also have some additional influence. In 

the study of Ref. 16, the phase-change films were deposited by electron beam 

evaporation directly onto the 10 nm thick silicon nitride membranes without any capping 

layers. In the present work, the sputtered phase-change films are sandwiched between 

thin dielectric layers and supported by 25 nm thick silicon nitride membranes. Therefore, 

in the present specimens, relaxation of stresses and/or release of Ar from the phase-

change films are more restricted or at least not occurring quickly by the presence of the 

capping layers. 

The results show that the increasing growth rates with the incubation times are related 

to the relaxations and the relaxations can occur fully due to thermal annealing without the 

need of electron beam exposure. Figure 4.4a shows crystallization at 170oC, for a 

specimen without preheating, and Fig. 4.4b shows it for another area of the same sample 
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with two times of preheating; i) 2 hours of at 160oC and ii) 9 minutes at 180oC. Note that 

for the second time heating, the final annealing temperature is attained by rising from 

room temperature, identical to the first time heating. 
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Fig. 4.4. Crystal front positions as a function of annealing time during the crystallization of a ZSO 
capped Sb3.6Te thin films at 170oC. (a) The film is not annealed previously; ,  &  indicate different 
crystals monitored simultaneously. (b) The film is annealed for 2 hours at 160oC and 9 minutes at 180oC 
before the crystal growth is measured; ,  &  indicate different crystals monitored simultaneously.  

 
According to the results shown in Fig. 4.4, the incubation time of the preheated 

specimens (on average) is clearly shorter than that of the samples not preheated. 

According to the results shown in Fig. 4.3, short incubation time would mean a low 

growth velocity, but the difference in incubation time is due to the difference in statistical 

probability for crystal nucleation in the observed area. Due to the preheating, the phase-

change film is relaxed, allowing a higher growth velocity and this increase in growth 

velocity apparently outweighed the decrease in incubation time. Note that this effect, 

shown in Fig. 4.4, has been observed several times. Further important proof is given in 

chapter 5, which is also about in-situ TEM crystallization measurements, but the electron 

beam irradiation was excluded during the crystallization process. Increase in growth 

velocity with time is also observed in these measurements, hence it is unlikely to be an 

experimental artifact. Besides, the measurements presented in chapter 5 were performed 

with the phase-change films sputtered from a single target. This excludes the possible 

effects by the slight inhomogeneities of the presently studied films (deposited from the 

multiple targets) on the relaxations. A detailed investigation is required to acquire a clear 
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understanding on the relaxation phenomenon observed in the present study and in Ref. 22 

as well, but the existence of relaxation is clear. 

4.3.3. Crystal growth velocities influenced by the Sb/Te ratio and dielectric layer type 

The main results of this chapter are shown in Fig. 4.5, where the measured crystal growth 

velocities of the SbxTe films with two types of dielectric layers are plotted Arrheniusly as 

a function of the annealing temperature. The slopes of the linear regressions in Fig. 4.5 

allow the assessment of the activation energy for growth. Most data points shown in     

Fig. 4.5 are an average of at least 5 separately measured interface velocities. Standard 

deviations in growth velocities were ranging from ± 10 to 50%. 
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Fig. 4.5. Logarithm of the crystal growth velocity, ν, as a function of the reciprocal temperature, 1/T, 
for various Sb/Te ratios and two types of dielectric layers (ZnS-SiO2 or GeCrN).  

 
Despite the significant influence of the relaxations, which limits the accurate 

determination of the crystal growth parameters, the influences of the Sb/Te ratios and 

capping layer type on these parameters are pronounced and the following conclusions can 

be drawn: 

1. When using ZSO capping layers, the crystal growth velocity of Sb4.2Te film is about 

5 times higher than Sb3.0Te film. In Sb3.6Te film, the growth velocity is intermediate. 
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2. When using GCN capping layers, the crystal growth velocity of Sb4.2Te film is about 

2 times higher than Sb3.0Te film. 

3. The activation energy for growth (Eg) is not significantly dependent on the Sb/Te 

ratio, but clearly dependent on the capping layer type. Eg is on average 2.9 eV for 

ZSO capping and about 2.0 eV for GCN capping; a difference of nearly 50% exists. 

4. Within the investigated temperature window, for a fixed Sb/Te ratio, the growth 

velocity is generally higher when GCN capping is used compared to the ZSO 

capping. However, since Eg is clearly higher for ZSO compared to GCN, this 

distinction will reverse at higher temperatures. For example, the transition for this 

reversal occurs around 175oC for Sb/Te = 4.2 and around 190oC for Sb/Te = 3.0. 

5. The incubation time for crystallization (τ) is longer in case of ZSO than GCN. 

6. A tentative conclusion could be that a higher Sb/Te ratio leads to a slightly longer 

incubation time.  

In Ref. 16, Eg of 2.4 eV is reported for an uncapped SbxTe film, which was doped 

with 5 at.% of Ge. By comparing this result to the presently investigated capped SbxTe 

film, the capping layer effect on Eg can be approximately estimated. Note that the present 

film contains about 8 at.% of Ge + In dopants, i.e. the Ge level is comparable to that of 

the film studied in Ref. 16. Such comparison indicates that Eg is increased about 0.5 eV 

by the ZSO capping, whereas it is decreased about 0.5 eV by the GCN capping. A few 

other reports have also shown the increase of activation energy for the overall 

crystallization process (Q) from 0.4 to 0.5 eV by the ZSO capping layers [23,24]. Note 

that this direct comparison between Eg and Q can be made, as explained below. 

Other growth studies have shown activation energies of 1.6 eV for Si3N4 sandwiched 

Ge2Sb2Te5, 2.4 eV for Ge2Sb2Te5 on SiO2, 2.35 eV for Ge2Sb2Te5 on Si, 2.74 eV for 

Ge4SbTe5 on Si and 2.90 eV for Ag5.5In6.5Sb59Te29 on Si [19-21]. Apart from these 

reported Eg values, a larger number of Q values for the phase-change films (mostly 

Ge2Sb2Te5) were determined and they were ranging between 2 and 3 eV [19,23,24]. Note 

the Q values are close to Eg values and this is not surprising, because Q can be related to 

the activation energies for nucleation (En) and Eg as given in equation (4.1) [25] 
 

dm
dmEE

Q gn

+

+
=

1
               (4.1) 
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where d is the dimensionality of growth, which can be 2 or 3 depending on the crystal 

size versus the film thickness; m is the growth mode, m = 1 when the advancement of the 

crystal front position is linear as a function of time (i.e. for interface-controlled growth) 

and m = 1/2 when the advancement of the crystal front position depends on the square 

root of time (i.e. for diffusion-controlled growth). The denominator of equation (4.1) is 

identical to the transformation index or the so-called Avrami exponent known from the 

Johnson-Mehl-Avrami-Kolmogorov (JMAK) theory. In the present case, m = 1, since the 

growth is interface controlled. Classical nucleation theory states that En is higher than Eg, 

but for easy heterogeneous nucleation the difference between En and Eg becomes very 

small, indicating that Q becomes nearly the same as Eg. 

4.3.4. Influence of the Sb/Te ratio and dielectric layer type on the nucleation rate 

Although direct measurements on the nucleation rate were not performed in the present 

work, an analysis (done at room temperature) on the crystal size and its distribution, 

provided information on the nucleation rate. Figure 4.6 shows the bright-field TEM 

images (with identical scales) of the crystals formed at 170oC in the ZSO capped Sb3.0Te 

(Fig. 4.6a) and Sb4.2Te (Fig. 4.6b) film. The images show that the crystal size of the 

Sb4.2Te film is clearly larger than the Sb3.0Te film (i.e. Sb4.2Te film shows faster crystal 

growth than Sb3.0Te film).  
 

Sb3.0Te Sb4.2Te(a) (b)

 
 

Fig. 4.6. Bright-field TEM images showing the crystals nucleated and grown in ZSO-capped amorphous 
SbxTe films after crystallization at 170oC. (a) Sb3.0Te film showing 1.5 to 2 μm size crystals. (b) Sb4.0Te 
film showing a crystal sized about 6 μm. 
 

Now the question is that, can this faster growth together with a constant nucleation 

rate explain the difference in average crystal size. Based on the theoretical analysis 
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described in Ref. 19, it can be derived that the average crystal size during later stages of 

the crystallization (i.e. when the crystallized fraction > 0.5) scales with (Ga/I0)1/(a+d), 

where G is the constant growth rate and a is the nucleation index. The nucleation rate per 

unit area of the untransformed material, I, can be expressed as I = I0 ta-1, where t is the 

annealing time and I0 is the number of preexisting nuclei per unit area. For the present 

case, knowing that d = 2 and a is between 1 (i.e., continuous nucleation rate) and 0     

(i.e., nucleation rate decreases as a function of time, similar to preexisting nuclei), the 

average grain size scales with factors between (G/I0)1/3 and (1/I0)1/2. Comparing Sb3.0Te 

and Sb4.2Te film, the difference in growth rate is about 5 times, and the difference in 

average crystal size is 3 to 4 times (see table 4.1). This indicates that I0 is 5.4 to 6 times 

larger for Sb3.0Te film compared to Sb4.2Te film. So, in order to explain the observed 

difference in grain size, a decrease in nucleation rate (even larger than the increase in 

growth rate) is needed when changing the Sb/Te ratio from 3.0 to 4.2. 
 

Table 4.1. Average crystal size, estimated from the bright-field TEM images similar to shown in Figs. 
4.6 and 4.7, in SbxTe thin films after the isothermal crystallization at 170oC. 

Phase-change film Sb3.0Te  Sb3.0Te Sb3.6Te Sb4.2Te 

Capping layer GCN ZSO ZSO ZSO 
Average crystal size (µm) 0.8 ± 0.2  1.7 ± 0.3 4.0 ± 0.5  6.0 ± 0.5  
 

An example demonstrating the influence of the capping layers, ZSO and GCN, on the 

nucleation rate is depicted in Fig. 4.7. Sb3.0Te thin films with ZSO (Fig. 4.7a) and GCN 

(Fig. 4.7b) capping layers were examined. Isothermal crystallization of the films at 170oC 

shows that the growth rate is 3.5 to 4 times higher and the grain size is about 2 times 

smaller with GCN compared to ZSO. This means that the nucleation rate with GCN is     

4 to 32 times higher than that with ZSO. Therefore, the difference in nucleation rate is 

more pronounced than the difference in growth rate. However, both rates increase when 

using GCN instead of ZSO. Note that the difference in nucleation rate is not connected to 

the density of the particles, which are the preferential nucleation sites as mentioned in 

section 4.3.1, because the density is similar for both samples. The strong influence of the 

capping layer type on the heterogeneous nucleation could be anticipated a priori             

(a detailed discussion on this topic can also be found in Refs. 19 and 23). However, the 
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direct measurement of the strong influence of the dielectric layers on the growth rate 

gives interesting and less expected information. 
 

 ZSO capping GCN capping(a) (b)

 
Fig. 4.7. Bright-field TEM images showing the crystal growth in amorphous Sb3.0Te thin film annealed 
at 170oC. (a) Sb3.0Te film with ZnS-SiO2 capping layers. (b) Sb3.0Te film with GeCrN capping layers. 
GeCrN capping layers lead to higher nucleation rate in Sb3.0Te films compared to ZnS-SiO2.   

4.3.5. Origin of the capping layer influence on the crystal growth rate 

An indirect observation regarding the influence of capping layer on the growth velocity is 

given in Ref. 26. It is shown that both thin and thick phase-change films lead to a clear 

decrease in the crystal growth velocity (but the theoretical model proposed to explain this 

observation is not adequate). The observation of Ref. 26 is further supported and directly 

proven by the present results. To understand the capping layer influence, the following 

equation for a steady state interface velocity, v, during a phase transformation based on 

flux of atoms migrating in two directions across a barrier can be visualized as shown in 

Fig. 4.8a [27]. 
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where, E is the activation energy associated with the barrier. If the transformation 

proceeds (i.e. the atoms jump across the barrier) and the interface attains a steady state 

velocity, the difference in Gibbs free energy ∆G is smaller than zero. The jump attempt 

frequency is taken into account by v0. For simplification, it is considered that the phase 

transformation occurs in one atomic step across the barrier. If the atomic jump, across the 

amorphous-crystalline (a-c) interface, occurs at different positions for instance in the 

phase-change film or at the interface between the phase-change and capping layers, ∆G, 
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E and v0 will be influenced. This means that the crystal growth velocity at the center of 

the phase-change film will be different from that at the interfaces with the capping layers. 

This causes a curvature at the a-c interface (see Fig. 4.8b). However, under steady state 

conditions, this curvature and the angle between a-c interface and dielectric capping layer 

are mainly controlled by the interfacial energies associated with; i) amorphous-crystalline 

interface (γa-c), ii) crystalline-dielectric interface (γc-D) and iii) amorphous-dielectric 

interface (γa-D), as depicted in Fig. 4.8b.  
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Fig. 4.8. (a) Schematic representation of the Gibbs free energy experienced by an atom jumping across 
the amorphous-crystalline (a-c) interface. (b) Schematic representation of the curved amorphous-
crystalline (a-c) interface. The wetting angle of the a-c interface with the adjacent dielectric layer (θ) is 
determined by the interfacial energies γa-c, γc-D and γa-D. 

 
The difference in Gibbs free energy during crystallization is the sum of the bulk, 

interfacial and strain energy terms. Since the magnitude of the stress at the interface of 

thin phase-change film and capping layer is low (a few tens of MPa) and do not vary 

significantly with the capping layer type, the stain energy term can be neglected. Hence, 

considering the remaining energy terms, ∆G is then, 

( ) ( ) 22 2 rrddrGGG DaDccaac πγγπγπ −−− −++−=∆                 (4.3) 

where r is the crystal radius, which is typically considered larger than the film thickness, 

d. Gc and Ga is the bulk energy of the crystalline and amorphous phase, respectively. It 

should be noted that the activation energy, E, denoted in both equation (4.2) and Fig. 4.8a 

is not the activation energy required to form a nucleus with the critical radius; it is rather 

related to the (local) atomic structure of the a-c interface and is actually the activation 

energy for growth Eg. Equation (4.3) indicates that ∆G is not constant but varies with, for 
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e.g., the thickness of the phase-change film. As (Gc – Ga) < 0 and in most cases            

(γc-D – γa-D) > 0, the growth velocity decreases with the film thickness and below certain 

thickness, crystallization cannot occur because ∆G ≥ 0. On the other hand, the neglected 

strain term would be pronounced in thick films [16,18]. Therefore, the point to be 

emphasized here is that in sufficiently thin phase-change films (20 nm in this case) the 

dielectric capping layers not only affect the nucleation rate but also the growth rate. 

4.4. CONCLUSIONS 

Isothermal crystallization behaviour of doped SbxTe thin films sandwiched between two 

types of dielectric capping layers was studied by in-situ annealing in a transmission 

electron microscopy in the temperature range between 150 and 190oC. Three different 

Sb/Te ratios, 3.0, 3.6 and 4.2, and two types of capping layer materials, ZnS-SiO2 and 

GeCrN were examined. During the isothermal annealing process and electron beam 

exposure, relaxations within the sputtered SbxTe films lead to a growth rate that slowly 

but continuously increases with time. When using ZnS-SiO2 capping layers, the crystal 

growth rate in the Sb4.2Te film is about 5 times the one in the Sb3.0Te film. When using 

GeCrN capping layers, the crystal growth rate in the Sb4.2Te film is about 2 times the one 

in the Sb3.0Te film. The activation energy for growth was not strongly dependent on the 

Sb/Te ratio, but was clearly influenced by the type of capping layer material. The average 

activation energy for growth was 2.9 eV when using ZnS-SiO2 capping layers and 2.0 eV 

when using GeCrN capping layers. Within the temperature interval considered, at low 

annealing temperatures the growth rate of the SbxTe film is higher for GeCrN compared 

to ZnS-SiO2, and the situation reverses at high annealing temperatures. The incubation 

time for crystal nucleation is longer when using ZnS-SiO2 capping layers than GeCrN. 

With ZnS-SiO2 capping layers, the nucleation rate strongly decreases when changing the 

Sb/Te ratio from 3.0 to 4.2. In the Sb3.0Te film, the nucleation rate strongly increases 

when changing the capping layer from ZnS-SiO2 to GeCrN.  
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CHAPTER 5 

Effects of capping layers on the 
crystallization of Sb3.3Te thin films 
This chapter focuses on the influences of two different types of dielectric capping layers 

on the crystal nucleation and growth properties of Sb3.3Te thin films. To reveal the 

effects, isothermal crystallization studies using TEM were performed. The following 

points should be noted; i) the electron beam influence on the crystallization process at 

elevated temperatures is explicitly excluded in this work, ii) the films analyzed in this 

work have a fixed Sb/Te ratio and were deposited using a single sputtering target, but the 

films discussed in the previous chapter were deposited using multiple targets, iii) carbon 

coated copper grids were used as substrates in this work, instead of silicon nitride 

membrane used in the previous work, to have an improved thermal conduction between 

the heating element and phase-change film, iv) in addition to the crystal growth 

parameters, the nucleation parameters were also quantitatively determined in this work 

and v) the effect of capping layer type on the crystallization was determined in this work 

by directly comparing the sandwiched phase-change films to the nonsandwiched films. 

5.1. INTRODUCTION 

Among the several types of materials for phase-change recording [1-4], doped alloys 

derived from eutectic SbxTe, showing a growth-dominant crystallization behavior, appear 

to be the most obvious choice for both high data transfer rate and high density recording 

[5-10]. These materials are currently used in optical disc formats including rewritable 

digital versatile disc (DVD+RW and DVD-RW), Blu-ray disc [11] and high definition 

DVD [12], and also proposed for the line concept phase-change random access memory 

[14]. A good tradeoff between crystallization speed and data retention time is also 

expected in these materials, as they have a high activation energy for crystallization. In 

phase-change optical discs, the active layer is actually sandwiched between dielectric 
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layers, which are transparent to laser wavelength. Similar stacks are also relevant for 

PRAM, in particular for the recently proposed line concept [13]. Dielectric layer 

protection is necessary due to several reasons, particularly to control the fluidization and 

vaporization of the phase-change material during the recording process, and to protect the 

phase-change film from thermal stress cycle during repetitious overwriting [14]. 

Consequently, several properties of the phase-change film including crystallization are 

significantly altered by the capping layers [14-18]. Therefore, studies on the behaviour of 

the combination of the phase-change film and capping layers are crucial. Improving the 

understanding of the influence of capping layers on the crystallization kinetics of the 

phase-change film is important to optimize the disc characteristics.  

Ohshima previously analyzed the influence of various dielectric capping layers on the 

crystallization of Ge1Sb2Te4 thin films based on transmittance-change measurements 

[15]. However, transmittance measurements or other techniques [16-23] generally used, 

such as differential scanning calorimetry, X-ray diffraction, electrical (resistance) 

measurements and reflectance measurements, provide information only on the overall 

crystallization process, that is actually an interplay of both nucleation and growth 

processes. Transmission electron microscopy is capable of providing separate 

information on nucleation and growth parameters. Ruitenberg et al. [24] have previously 

performed isothermal crystallization studies using in-situ TEM and determined the 

individual nucleation and growth parameters for the crystallization of nucleation-

dominant type Ge2Sb2Te5 thin films sandwiched between Si3N4 dielectric layers. 

However, there are some inconsistencies between the listed nucleation and growth 

parameters and the results predicted from the corresponding plots. 

To the best of our knowledge, direct observations on nucleation and growth rates and 

the effects of the capping layers on these rates have not been reported yet for the so-

called ‘fast-growth type’ phase-change materials. In this work, we have quantitatively 

determined both the nucleation and growth parameters of doped Sb3.3Te amorphous films 

and study the influence of two types of dielectric capping layers, namely GeCrN and 

ZnS-SiO2, using TEM with in-situ annealing experiments. During the experiments, we 

have explicitly excluded the effect the electron beam of the TEM has on the nucleation 

and growth rates we observed in our previous works [25-27]. This is a first major 
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difference of the present work with the results presented in Ref. 27. The other important 

differences are; i) in Ref. 27 nucleation rates were not obtained, but are reported here,    

ii) in Ref. 27 samples with various Sb/Te ratios were grown by sputtering from multiple 

targets on silicon nitride membranes. Here, a single fixed Sb/Te ratio is used for all 

samples, where the films were obtained by sputtering from a single target on carbon 

coated copper grids. These latter substrates exhibit a better heat conduction than the 

former, which is important for the new measurement strategy we adapted in the present 

work as will be explained in the following sections. 

5.2. EXPERIMENTAL PROCEDURE 

Two types of Sb3.3Te films, named as single-layer film and sandwiched film, were 

prepared for the TEM experiments and the structures of the films are shown in Fig. 5.1. 

In the single-layer film structure (see Fig. 5.1a), an amorphous phase-change film is 

deposited on a carbon coated copper grid (300 mesh). In the sandwiched film structure 

(see Fig. 5.1b), the phase-change film is sandwiched between two amorphous dielectric 

layers and this trilayer stack is deposited on the carbon coated Cu grid.  
 

 
Fig. 5.1. Structure of the Sb3.3Te specimens used in the TEM experiments. 

A constant dopant level of about 8 at.% of Ge + In was maintained with a fixed value 

for the Sb/Te ratio of 3.3 in the phase-change film. This dopant is of crucial importance 

for the performance of the phase change material in particular providing a high activation 

energy for growth that enables the combination of a good archive stability (low growth 

rates at low temperature) and high speed direct overwriting (high growth rates at high 

phase-change film (20 nm) 
 

dielectric capping layer (3 nm) 
 

carbon window layer (25 nm)  
 

copper grid (300 mesh) 
 

illuminating beam of the TEM  

60 μm 12 μm
(a) single-layer film            (b) sandwiched film
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temperature). The dielectric capping layers were composed of either ZnS-SiO2 (80 at.% 

of ZnS + 20 at.% of SiO2) or GeCrN. DC and RF magnetron sputtering techniques were 

used to deposit the phase-change and dielectric layers, respectively. The samples were 

stored in vacuum to prevent possible oxidation. However, the uncapped samples can 

become oxidized to a small extent when they are transferred through air to the vacuum 

system of the TEM.  

The samples were isothermally annealed at various temperatures between 160 and 

185oC inside a JEOL 2010F TEM operating at an accelerating voltage of 200 kV.           

A Gatan 652 double tilt heating holder with a 901 SmartSet Hot Stage Controller is used 

for the temperature control. A proportional integral derivative (PID) controller equipped 

with the furnace controls the temperature within ± 0.5oC accuracy and provides a fast 

ramp rate to attain the set point temperature without any overshoot. However, the 

measured temperature is the furnace temperature, but not the actual film temperature, 

which is expected to be slightly lower than the measured value and will show a time lag. 

To minimize this temperature difference and time lag, substrates with relatively good 

thermal conductance are desirable. Therefore, carbon coated copper grids were used in 

these experiments, instead of silicon substrates containing silicon nitride membranes used 

in the work of chapter 4 and our earlier works [25-27]. Moreover, to maximally reduce 

the temperature gradient, we chose areas as close as possible to the grid edges where a 

physical contact with the furnace is made and close to the grid bars as well. 

Our previous works [25-27] showed that the crystallization of the phase-change film 

is sensitive to irradiation by the electron beam of the TEM; i.e. nucleation and growth 

rates increased. A detailed investigation of the influence of electron beam on the growth 

properties of SbTe films is given in chapter 6 and also in Ref. 28. In order to entirely 

avoid such an influence in the present experiments, crystallization was carried out 

without electron beam exposure for fixed time intervals at elevated temperature. After 

each interval, the sample is cooled to nearly room temperature (below 30oC) for TEM 

measurements, i.e. the measurement of nucleation and growth were made in discrete 

heating and cooling steps unlike our previous studies [25,26], where it was done in a 

more or less continuous manner. Using this procedure, it was important to switch from 

the silicon nitride membranes to the carbon coated copper grids with their better thermal 
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conductance. Nucleation and growth of crystals were monitored in bright-field mode of 

the TEM on a fluorescent screen and the images were digitally recorded using a CCD 

camera. A magnification of 40 kX, corresponding to 10.4 μm2 field of view on the 

camera, was found to be most suitable to get a good statistics on the nucleation and 

growth parameters. It means that this magnification is high enough to follow the growth 

of individual crystal nuclei and at the same time it is low enough to count a substantial 

number of nuclei. However, to perform a more accurate and representative measurement 

on nucleation and growth for the entire sample, we monitored the crystallization at         

(6 to 10) different areas on the sample. Sufficient statistics on nucleation is obtained by 

considering a combination of the individually monitored areas. The crystal radius is 

precisely measured by averaging the radii of more than 6 crystals monitored in the 

different sample areas. During each isothermal annealing, the number of crystal nuclei, 

the crystal radii and the crystallized area fraction were measured as a function of time. 

5.3. RESULTS 

5.3.1. Growth properties 

10 min. 20 min. 25 min.

30 min. 35 min. 40 min.

 
Fig. 5.2. Bright-field TEM images showing the nucleation and growth of crystals as a function of time 
during an isothermal crystallization of a Sb3.3Te film sandwiched between ZnS-SiO2 layers at 180oC. 
 
An example for the formation and growth of Sb3.3Te crystals in an amorphous 

surrounding during crystallization is shown in Fig. 5.2. These TEM images hold for a 
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ZnS-SiO2 capped Sb3.3Te film annealed at 180oC. The crystals nucleate after a certain 

incubation time and grow more or less isotropically by maintaining their circular shape. 

Radius of the crystal increases more or less linearly with time i.e. the crystal growth rate 

is (almost) constant during isothermal annealing, implying an interface controlled growth 

mechanism.  
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Fig. 5.3. Average crystal radius, r, as a function of time, t, during isothermal annealing of single-layer 
Sb3.3Te films at various temperatures indicated.  

 
Figure 5.3 shows the increase of the average crystal radius (r) as a function of time (t) 

at various annealing temperatures in uncapped Sb3.3Te films as an example. The slope of 

the (r versus t) straight line fit corresponds to the crystal growth rate that strongly 

increases with the annealing temperature (see Fig. 5.3). Careful analysis shows that the 

growth velocity is actually not a constant at each temperature, but is slightly increasing 

with time. This effect of an increasing growth velocity with time was also observed in our 

previous work mentioned in chapter 4 and attributed it to the so-called relaxation process 

[27]. Hereafter, in the following results and discussions sections, this effect is 

disregarded, but it is addressed in chapter 6 (and in Ref. 28) where also the influence of 

electron beam of the TEM (that is now absent for the present measurements) on the 

growth velocity is analyzed in detail. 

The temperature, T, dependence of the crystal growth rate, Vg, is adequately 

represented by the following Arrhenian-type equation:  
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where, Eg is the activation energy for crystal growth, Cg is the preexponential constant 

and kB is the Boltzmann constant. According to equation (5.1), plotting ln(Vg) against 1/T 

should provide a straight-line. The slope of the line yields Eg, whereas the intercept 

represents ln(Cg). Arrhenius-type plots based on the measured crystal growth rates at 

various annealing temperatures for the capped & uncapped samples are shown in Fig. 5.4.  
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Fig. 5.4. Arrhenius plots of the growth rate, Vg, as a function of the annealing temperature, T, for the 
three types of capped Sb3.3Te films. 
 

This figure clearly shows that sandwiching the phase-change film between ZnS-SiO2 

or GeCrN layers leads to a reduction in growth rate. Variation in growth rate between the 

capped and uncapped film is larger at lower temperatures (~ 160oC) compared to that at 

higher temperatures (~ 185oC). Quantitative measurements reveal that the growth rate is 

reduced by ~ 7 and 5 times due to ZnS-SiO2 and GeCrN layers, respectively, at ~ 160oC. 

The magnitude of this effect becomes smaller at ~ 185oC, where the growth rate is 

lowered only ~ 2 and 1.5 times by ZnS-SiO2 and GeCrN layers, respectively. Hence, the 

influence of capping layers on growth rate reduces with increasing temperature and 

expected to be insignificant at higher temperatures (~ 200oC). 

Growth parameters, Eg and ln(Cg), determined from the ln(Vg) versus 1/T linear fit 

(see Fig. 5.4) are listed in table 5.1 for uncapped and capped samples. The activation 

energy for crystal growth of an uncapped Sb3.3Te film is 2.4 ± 0.3 eV and increases to   
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3.3 ± 0.3 eV and 3.4 ± 0.6 eV when the film is capped with GeCrN and ZnS-SiO2 layers, 

respectively. These results show that the activation energy for crystal growth of Sb3.3Te 

films is strongly influenced by the capping layers and the variation in activation energy 

(~ 40%) is not significantly dependent on the type of the capping material. The activation 

energy for crystal growth of the uncapped Sb3.3Te film is in good agreement with that of 

2.37 ± 0.15 eV reported in Ref. 26 for electron beam evaporated (5 at.%) Ge doped 

Sb3.6Te films, and is also very close to the activation energies found for the (uncapped) 

nucleation-dominant GeSbTe films (Eg = 2.35 ± 0.05 eV for Ge2Sb2Te5 on Si [29] and 

2.4 ± 0.3 for Ge2Sb2Te5 on SiO2 [30]). Ruitenberg et al. [24] reported Eg of 1.6 ± 0.6 eV 

for a Ge2Sb2Te5 film sandwiched between Si3N4 layers. This value is rather low 

compared to the activation energies of the sandwiched Sb3.3Te films (Eg > 3 eV) listed in 

table 5.1. 
  

Table 5.1. Growth parameters, Eg and ln(Cg), for the single-layer and sandwiched Sb3.3Te films. 

Sample Eg (eV) ln(Cg); Cg in m/s 
Single-layer 2.4 ± 0.3 42 ± 8 

GeCrN sandwiched 3.3 ± 0.3 63 ± 8 

ZnS-SiO2 sandwiched 3.4 ± 0.6 67 ± 16 
 

From the application point of view, high Eg as exhibited in our sandwiched samples 

would be beneficial to improve the data retention (i.e. low growth rates at low 

temperatures) with still holding high crystallization rates (i.e. fast data transfer) at high 

temperatures. The preexponential constants listed in table 5.1 for the sandwiched samples 

are larger than those reported in Ref. 24 for Si3N4 capped Ge2Sb2Te5 film. However, it 

should be noted that there is a large data scatter in Ref. 24, where also the reported 

preexponential constant 43 ± 25 is definitely inconsistent with the corresponding fit. 

Moreover, using the relevant growth parameters given in table 1 of Ref. 24, a growth rate 

of about 5.8 m/s is predicted at 450 K, but this is incorrect and the correct value would be 

6 nm/s. 

5.3.2. Nucleation properties 

A nonlinear time dependence of the number of nuclei per unit area of untransformed 

material, N, is described by the following phenomenological relation [24]  



Effects of capping layers on the crystallization of Sb3.3Te thin films 

 103

αtN ∝                                              (5.2)  

for t > t0 with t0 the incubation time and α denoting the ‘nucleation index’.  

It should be mentioned that N can be related to (t–t0)α in order to show that N = 0 for        

t < t0. However, in our case, although there exists an incubation time, including t0 in 

equation (5.2) i.e. having α)( 0ttN −∝  led to clearly less consistent analysis, because;  

(i) The fitting in N versus t plots (see e.g. Fig. 5.5) could be performed very well on the 

basis of tα and deteriorated if we performed them on the basis of  (t-t0)α, where t0 was 

obtained from (linearly) extrapolating the average crystal radius versus time back to a 

radius of zero; 

(ii) So-called Avrami plots of ln(–ln(1–x)) versus ln(t) (where x is the area fraction of the 

transformed material) showed data exhibiting a good linear dependence whereas   

ln(–ln(1–x)) versus ln(t–t0) resulted in data showing a clearly curved dependence;  

(iii) The Avrami exponent n (as obtained from the Avrami plot) should be equal to       

α + Dβ with D the dimensionality of growth (which is 2 for the present thin film 

case) and β is the growth index (β = 1 for interface-controlled growth and 0.5 for the 

diffusion-controlled growth). In the analysis excluding t0 the equality is obeyed 

(within the error limits with n is about 3 to 4, depending on the capping layer type), 

whereas in the analysis including t0, n has a value of about 2 clearly inconsistent with 

the value of α + Dβ. 

The nucleation index α can be approximated from equation (5.2) by first calculating 

αi from two consecutive images, 
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and then averaging αi  as given below.  
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where xi is the area fraction of the transformed material, and it can be measured directly 

from the TEM images. Note that in equation (5.3b) not just a simple arithmetic average is 

taken, but also a weighing term (1–xi) is used, since the accuracy of determine αi is 
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strongly decreasing when the untransformed area becomes smaller and approaches zero 

during the course of transformation. 

0

2

4

6

8

10

12

14

0 2000 4000 6000 8000 10000 12000

t  (s)

N
/1

011
, N

 in
 m

-2

   
: 170oC, X: 175oC, : 180oC, +: 182.5oC, : 185oC 

Fig. 5.5. Number of nuclei per unit untransformed area, N, as a function of time, t, during isothermal 
annealing of ZnS-SiO2 capped Sb3.3Te films at various temperatures. 

N is determined by a similar procedure as proposed and used in Ref. 24. First it is 

started by counting the number of crystal nuclei, n, in a sample area, A. Note that here A 

is not the area of a single field of view, but the sum of number of fields of view (6 to 10) 

taken into account for counting n. To convert n to N (i.e. to make it the number per unit 

of untransformed area) the following recursive procedure is used: 
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This procedure is exact for infinitesimally small steps in (1–xi) and ni. During the 

crystallization process, N and to a lesser extent n (particularly less at the later stage of the 

transformation) increase with time. Figure 5.5 shows an example for the profound 

nonlinear variation of N with time during crystallization of ZnS-SiO2 capped Sb3.3Te 

films at various annealing temperatures.  

At each annealing temperature, by having Ni and xi for each time step ti, first αi and 

then α are calculated using equations (5.3a) and (5.3b), respectively. The nucleation 

index derived using the procedure outlined is shown as a function of the inverse 

temperature for the single-layer and sandwiched Sb3.3Te films in Fig. 5.6. In the figure, 

the nucleation index does not show any detectable temperature or capping layer 
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dependence. The average nucleation index is 1.8 ± 0.4, where the error is the standard 

deviation of the nucleation indices of single-layer and sandwiched Sb3.3Te films. This 

value is significantly lower compared to that of 2.8 ± 0.6 reported for Ge2Sb2Te5 films by 

Ruitenberg et al. [24]. For a nucleation-dominant material it is probably not surprising 

that a higher nucleation index holds than for a fast growth type material, although the 

essential point is the trade-off between the nucleation and the growth rates.  
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Fig. 5.6. Arrhenius plots of the temperature dependence of the nucleation index (α) for the three types 
of capped Sb3.3Te films. 

The nucleation rate per unit area of the untransformed material, Vn, can be expressed 

as [24] 
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where, En is the activation energy for nucleation and Cn is a pre exponential constant with 

respect to temperature and time. By counting the number of nuclei, n, on a screen area, A, 

as a function of time, the nucleation rate per unit area is determined for each isothermal 

annealing process using the following equation: 
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==                        (5.6)  

Referring to equation (5.5), plotting ln(Vnt1–α) against the reciprocal temperature, 1/T, 

yields a straight line. The slope and intercept of the line correspond to the activation 

energy for nucleation and preexponential constant, respectively.  
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Fig. 5.7. Arrhenius plots of the temperature dependence of the nucleation rate, Vn, for the three types 
of capped Sb3.3Te films. 
 

Figure 5.7 shows the ln(Vnt1–α) versus 1/T plots for the single-layer and sandwiched 

Sb3.3Te films. The comparison made in Fig. 5.7 indicates that the nucleation rate is 

accelerated ~ 1.7 times and decelerated ~ 5 times when the film is sandwiched between 

GeCrN and ZnS-SiO2 layers, respectively. Thus, the nucleation rate of the Sb3.3Te film is 

significantly dependent on the capping layer type. From an application point of view, the 

influence of the capping layer effect on the nucleation rate can be useful, because the 

nucleation rate of the recording layer can be controlled by using proper capping layers. 

Such a control on nucleation is important for fast-growth materials to show a nucleation 

free characteristic with advantages of low jitter and high amorphous phase stability.  
 

Table 5.2. Nucleation parameters, En and ln(Cn), for the single-layer and sandwiched Sb3.3Te films. 

Sample En (eV) ln(Cn); Cn in s–αm–2 
Single-layer 6.1 ± 0.4 171 ± 10 

GeCrN sandwiched 6.2 ± 0.2 174 ± 5 

ZnS-SiO2 sandwiched 6.4 ± 0.2 178 ± 4 
 

The nucleation parameters, En and ln(Cn), determined for the single-layer and 

sandwiched Sb3.3Te films are listed in table 5.2. En = 6.1 ± 0.4 eV and ln(Cn) = 171 ± 10 

for the single-layer film and these values are not strongly altered by sandwiching the film 

between GeCrN or ZnS-SiO2 layers. Comparing these nucleation parameters with those 



Effects of capping layers on the crystallization of Sb3.3Te thin films 

 107

reported for the nucleation-dominant Ge2Sb2Te5 films in Ref. 24 is not appropriate. The 

reason is that the reported activation energy for nucleation (4.7 ± 1.1 eV) and the natural 

logarithm of the preexponential constant (166 ± 43) in Ref. 24 are too high compared to 

those estimated from the fit shown in Fig. 5 of Ref. 24. Another in-situ TEM study [30] 

reports an activation energy for nucleation of 2.8 ± 0.3 eV for a 50 nm thick Ge2Sb2Te5 

film on a SiO2 layer. On the basis of ex-situ AFM measurements an activation energy for 

the steady state nucleation rate of 3.50 ± 0.17 eV and 4.09 ± 0.20 eV were obtained for 

30 nm thick uncapped Ge2Sb2Te5 and Ge4Sb1Te5 films, respectively [31]. All these 

results show that the activation energy for nucleation is clearly smaller for the nucleation-

dominant material than for the fast-growth material we studied. 

5.4. DISCUSSION 

5.4.1. Why do the capping layers affect the growth rate? 

In chapter 4 (and in Ref. 27), we explained the influence of the adjacent dielectric layers 

on the crystal growth rate in the phase-change film on the basis of the following equation:  

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ Δ

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

kT
G

kT
E

CV g
gg exp1exp                      (5.7) 

equation (5.7) can be derived at the atomic scale where two atomic positions on both 

sides of an interface are considered with a Gibbs free energy difference ΔG (ΔG < 0).    

Eg is activation energy required for an atom to jump across the interface and Cg is 

equivalent to an attempt frequency, v, times the jump distance, d. It makes a substantial 

difference if these atomic positions are considered at the amorphous-crystalline (a-c) 

interface near the middle of the phase change film or at the a-c interface in contact with 

the dielectric layers. The thinner the phase-change film the larger the fraction of atomic 

positions influenced by the dielectric layers and the stronger the influence of the 

dielectric layers on the crystal growth rate. The presently investigated   20 nm phase-

change films are expected to be about 60 to 70 atoms thick.  

Figure 5.8 shows various interfaces associated with the crystallite growing in a 

sandwiched amorphous phase-change film. In general, the interfacial energy of an 

amorphous-amorphous interface is lower than that of amorphous-crystalline one (γa-c). 

Therefore it is possible that the amorphous dielectric layers are not favorable for the 
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crystal growth, if the amorphous-dielectric interface energy (γa-D) is less than the 

crystalline-dielectric interface energy (γc-D). This consideration is consistent with our 

observation that both ZSO and GCN capping reduces the growth rate. Also, it does not 

have to imply that the nucleation rate is reduced by the capping layers, because if           

γc-D < γa-c nucleation can still be accelerated by the capping layer as is maybe the case 

with GCN, whereas for ZSO then γc-D > γa-c and the nucleation rate is reduced. 

Unfortunately, these interfacial energies are not known. However, Kalb et al. [32] 

recently measured (a lower limit for) the crystal-melt interfacial energy for various phase-

change materials including a Sb-rich alloy via DTA based under cooling experiments.  
 

 
D: dielectric layer, a: amorphous phase-change film, c: growing crystal,  

d: phase-change film thickness, r: crystal radius 

Fig. 5.8. Representation of the amorphous-crystalline interface during a steady state growth, its wetting 
angle, θ, with the adjacent dielectric layer and the three interfacial energies γa-c, γa-D and γc-D. 

Our results show that the reduction in growth velocity (by the dielectric capping 

layers) is dramatic only at relatively low temperatures, it would hence improve the data 

retention. But this effect is insignificant at high temperatures, which can be advantageous 

for high data transfer rate. In our analysis (shown in section 5.3.1) we can incorporate this 

reduction in a phenomenological way in the activation energy for growth Eg. However, it 

is not obvious by what physical mechanism the type of dielectric layer affects the 

activation energy for growth that is in principle an intrinsic property of the a-c interface 

within the phase change film. On the other hand, the effect on ΔG is obvious, because, 

when considering ΔG on a continuum scale, it is the sum of the bulk, interface and strain 
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energy terms. Neglecting the strain energy term (more on this in section 5.4.2), ΔG can 

be expressed as:   

( ) ( ) 22 2 rrddrGGG DaDcacac πγγπγπ −−− −++−=Δ                    (5.8) 

where, Gc and Ga are the bulk energies of the crystalline and amorphous phases, 

respectively. r is the crystal radius and d is the phase-change film thickness (i.e. 20 nm). 

The last term involving the film-dielectric interfacial energy becomes more important the 

thinner the phase-change film. At the melting temperature (Tm), Gc – Ga is zero and the 

value becomes increasingly more negative at lower temperatures. Our measurements are 

preformed at relatively low temperatures just above the glass transition temperature, Tg, 

and well below Tm. Therefore, it is expected that ΔG is not small and does not strongly 

change within the temperature interval of our measurements. Hence, the last term in 

equation (5.7) can account for about 10% constant reduction in growth rate, but cannot 

explain the strong (up to a factor of 7) reduction, that is also strongly varying with 

temperature, as we observe. 

 A more plausible physical origin for the large variations in ( )kTEC gg −exp  we 

observe can be the viscosity of the phase-change material, which is often taken according 

to the Stokes-Einstein relation directly proportional with the reciprocal of the jump 

attempt frequency 1/v [33-35]. In some cases the viscosity is described by an Arrhenian 

temperature dependence [35-38]. However, in most cases the (strongly temperature 

dependent) Vogel-Fulcher-Tammann (VFT) relation (that holds particularly in the 

temperature range Tg < T < Tg + 100 K) is used to describe the viscosity η [32,39-42]. 

  ⎟⎟
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⎝
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−
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TT

AT ηη                      (5.9) 

where η0 and A are constants. T0 is the ideal glass transition temperature that is generally 

about Tg – 50 K. Again, the viscosity is in principle an intrinsic property of the phase-

change material. Nevertheless, it is likely that the viscosity within a certain phase is 

largely influenced if this phase is strongly confined at the nanometer scale by more or 

less rigid walls. Such a confinement should in general result in an increase in viscosity 

(i.e. atomic rearrangements are limited), leading to a reduction in growth rate. This is in 

accordance with our observations that adding capping layers to the phase-change film 
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reduces the growth rate. If the capping layers cause for instance a small variation in A or 

T0 in the VFT relation, its effect will be most pronounced near Tg and will decrease at 

higher temperatures and can thus explain our observation that the reduction in growth 

rate by the capping layers is most pronounced at the lowest temperatures. 

5.4.2. How do the capping layers affect the overall crystallization rate? 

Crystallization is a two step process involving nucleation and subsequent growth of 

critical nuclei. In actual applications of fast-growth type phase-change materials 

nucleation is in principle not required at all, since crystallization (i.e. erasing) of an 

amorphous written mark proceeds by growth from the crystalline rim to the centre of the 

mark without requiring any crystal nucleation. Moreover, very low nucleation rates are 

beneficial for having a good archival stability and a low jitter level. When the phase-

change film is sandwiched, both the nucleation and growth processes are dominated by; 

(i) the interfaces between the phase-change film and capping layers when the phase-

change film is very thin and (ii) the bulk when the phase-change film is thick. The 

interfacial effect of the capping layers can be attributed to factors such as interface 

morphology, stress at the interface and the so-called interfacial confinement. 

Since the crystals nucleate at the interface [17,24,43], the interface morphology is 

expected to have some influence on nucleation. However, it has been shown that the 

morphology does not play a vital role in the crystallization [15] although it can differ due 

to different types of capping layers and/or different deposition procedures. Considering 

the second factor, capping layers can induce either tensile or compressive stress within 

the phase-change film at the interface depending on their material type. These induced 

stresses should then affect the crystallization temperatures, i.e. tensile and compressive 

stresses should correspond to higher and lower crystallization temperatures, respectively 

[17,18]. However, it is reported [15] that the magnitudes of these stresses are low        

(~80 MPa) and do not differ significantly with capping layer type. In another work [18] 

both tensile (200 MPa) and compressive (250 to 400 MPa) stresses were measured for 

different types of capping layers, but in all cases the crystallization temperature went up, 

indicating that the stresses (of these magnitudes) do not play an important role in 

crystallization. Thus, in principle only the third and fourth factor, i.e. a kind of ‘pure’ 

interfacial energy that is only based on (chemical/physical) bonding states at the interface 
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or the interfacial confinement, remain as origin for the difference in the crystallization, 

where the role of the interfacial energy has already been emphasized by a few authors 

[15,18,43]. 

Ohshima [15] studied the influence of various dielectric protective layers (including 

ZnS + 20 mol% SiO2) on crystallization process of Ge1Sb2Te4 film. It was reported that 

the activation energy for total (or overall) crystallization of the single-layer film is 2.2 eV 

and it increases up to 3 eV (for SiO2) when the capping layers are included. Since the 

activation energy as used by Ohshima is the activation energy for total crystallization, 

which includes both the nucleation and growth processes, a direct comparison between 

our Eg (or En) and the abovementioned activation energy cannot be made. However, the 

total activation energy (Q) can be calculated for our samples as 

βα
β

D
EDE

Q gn

+

+
=                                 (5.10) 

where, D is the dimensionality of growth (D = 1, 2 and 3 for one dimensional, two 

dimensional and three dimensional growth, respectively) and β is the growth index (β = 1 

for interface-controlled growth and 0.5 for the diffusion-controlled growth). For our case 

D = 2 and β = 1. The calculated Q values are 2.9 ± 0.3, 3.4 ± 0.2 and 3.5 ± 0.4 for the 

single-layer, GeCrN and ZnS-SiO2 sandwiched Sb3.3Te films, respectively. Note that in 

fact Q is (generally) close to the corresponding Eg.  

It has been shown earlier that sandwiching the nucleation-dominant films such as 

Ge1Sb2Te4 and Ge2Sb2Te5 with ZnS-SiO2 layers leads to an increase of 0.4 to 0.5 eV in Q 

[15,22]. An almost similar increase of 0.5 to 0.6 eV in Q is found in our case for Sb3.3Te 

films. However, from the present measurements it is clear that this increase is caused by 

the increase in the activation energy for crystal growth and not by the one for nucleation. 

Njoroge et al. [18] determined Q to be 3.03 ± 0.17 eV for an uncapped Ag5In6Sb59Te30 

film and they found that this value increases to 3.24 ± 0.12 eV and decreases to           

2.39 ± 0.10 eV when the film is sandwiched between Si3N4 and ZnS-SiO2 layers, 

respectively. The reduction in Q they found for ZnS-SiO2 sandwiching contrasts with our 

results and also the results of both Refs. 15 and 22, where ZnS-SiO2 sandwiching leads to 

an increase in Q. The capping layer influence on the nucleation rate observed in the 

present investigation has also another interesting similarity with Ohshima’s work [25], 
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where it is reported (for Ge1Sb2Te4 films) that the nucleation is accelerated and retarded 

by Si3N4 and SiO2 capping layers, respectively. In our case (for Sb3.3Te films), the 

nucleation is accelerated by GeCrN and decelerated by ZnS-SiO2. 

5.5. CONCLUSIONS 

The influence of amorphous GeCrN and ZnS-SiO2 capping layers on the crystallization 

of doped Sb3.3Te thin films was analyzed using a TEM. Direct and quantitative 

information on crystal nucleation and growth was obtained. The temperature dependent 

crystal growth rate reduces if Sb3.3Te film is sandwiched between the capping layers and 

turns out to be dependent on the capping layer type. The effect of capping layers on the 

growth rate is pronounced at lower temperatures (about 160oC) and it tends to disappear 

at higher temperatures (about 200oC). The activation energy for crystal growth is          

2.4 ± 0.3 eV for Sb3.3Te single-layer and it increases about 40% when the capping layers, 

GeCrN or ZnS-SiO2, are added. The nucleation rate shows temperature and time 

dependence. The ‘nucleation index’ is found to be independent of temperature and the 

capping layer type. It is determined as 1.8 ± 0.4. GeCrN layers accelerate the nucleation 

by a factor of about 1.7 whereas ZnS-SiO2 layers decelerate it about 5 times. The 

activation energy for crystal nucleation is almost unaffected by the capping layers and is 

about 6.2 eV for all the samples. The variations observed in both the growth and 

nucleation parameters are attributed to the interfacial energy (chemical bonding) between 

the phase-change and capping layer material and to the confinement of the phase-change 

material by the capping layer where we expect that it increases the viscosity within the 

phase-change film. 
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CHAPTER 6 

Influence of electron beam on the 
crystallization of SbxTe thin films 
This chapter explicitly discusses the influence of the illuminating electron beam of the 

transmission electron microscope on the crystal growth properties of SbxTe thin films 

such as growth velocity and the activation energy for growth. The electron beam 

influence on the crystal growth properties is resolved based on the comparison made 

between two categories of samples; i) those isothermally annealed and simultaneously 

monitored by the microscope throughout the crystallization process and ii) those not 

exposed to the electron beam during the crystallization (and cooled down to room 

temperatures for measurements). The role of the capping layers during the electron beam 

interaction with the crystallization of SbxTe films is also analyzed. 

6.1. INTRODUCTION 

Transmission electron microscopy is one of the versatile tools used to analyze the 

crystallization kinetics of phase-change films, especially when detailed information on 

both nucleation and growth is required [1-10]. For example in chapter 5, individual 

quantitative measurements on nucleation and growth are shown for SbxTe thin films 

using in-situ transmission electron microscopy. It was realized that exposing the sample, 

during the crystallization process, to the illuminating electron beam of the TEM can 

significantly alter the crystallization properties [11-13]. Ignoring the effect of the electron 

beam on the crystallization process could cause a considerable error in the estimated 

crystallization parameters. For this reason, the effect of electron beam on crystallization 

should be carefully considered and examined. The work presented in this chapter aims at 

analyzing and understanding the influence of the electron beam of TEM on the 

isothermal crystallization of amorphous SbxTe films sandwiched between two types of 

dielectric layers.  
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6.2. EXPERIMENTAL PROCEDURE 

The TEM sample geometry used in our experiments is schematically shown in Fig. 6.1.  

A 20 nm thick amorphous phase-change film is sandwiched between 3 nm thick 

amorphous dielectric layers and this trilayer stack is deposited on a 25 nm thick 

amorphous Si3N4 membrane, which is electron transparent and supported by a Si 

substrate. These electron transparent substrates are commercially available, and actually 

prepared by etching 500 square micron window on one side of a Si wafer containing 

Si3N4 on the other side. DC and RF magnetron sputtering techniques were used to deposit 

the phase-change and dielectric layers, respectively. Phase-change films with four 

different Sb/Te ratios (x = 3.0, 3.3, 3.6 and 4.2) were used for detailed examination.        

A constant dopant level of about 8 at.% of Ge + In was maintained for all the Sb/Te 

ratios. The dielectric capping layers were composed of either ZnS-SiO2 (80 at.% of ZnS + 

20 at.% of SiO2) or GeCrN.  
 

 

Phase-change layer (20 nm) 
 

Dielectric layer (3 nm) 
 

Si3N4 layer (25 nm)  
 

Si wafer   
 

Illuminating beam of the TEM  

500 µm 

 
Fig. 6.1. Specimen structure used in TEM experiments. 

 
A JEOL 2010F TEM operating at 200 kV was used to monitor the crystallization 

process.  The samples were isothermally annealed at various temperatures ranging 

between 150 and 185oC within the microscope using a Gatan 652 double tilt heating 

specimen holder (model 652 with a model 901 SmartSet Hot Stage Controller).               

A proportional integral derivative (PID) controller equipped with the holder controls the 

heating stage temperature within ± 0.5oC with a fast ramp rate to attain the setpoint 

temperature without any overshoot. Note that we measure the temperature of the heating 
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stage, not the temperature of the specimen area that comes under investigation. The 

temperature of the analyzed area will be slightly lower than the monitored temperature 

and will follow the heating stage temperature with a small time lag. This delay in time 

and the temperature difference between the heating stage and analyzed specimen area 

will be larger at higher annealing temperatures. As we work below 190oC, the 

temperature difference will be in the order of only a few degree Celsius. Moreover, we 

performed TEM measurements close to the edges of the Si3N4 window (as indicated in 

Fig. 6.1). This is because we observed that the temperature difference increases with 

increasing distance from the edge to the centre of the window.  

In order to differentiate the effect of electron beam on the crystallization process, the 

samples were crystallized via two different methods. The samples with Sb/Te ratios 3.0, 

3.6 and 4.2 were monitored by TEM throughout the crystallization process i.e., the 

samples were at the transformation temperatures continuously exposed to electrons with 

fixed current densities (about 1 nA/µm2). On the other hand, for the samples with Sb/Te 

ratio 3.3, the crystallization was carried out without electron beam exposure and for fixed 

time intervals (in a discontinuous manner). After each interval, the samples were cooled 

to nearly room temperature (below 30oC) for measurements, i.e. these samples were not 

exposed to electron beam at elevated temperatures. Nucleation and growth of crystals 

were monitored in bright-field mode of the TEM on a fluorescent screen and the images 

were digitally recorded using a charge coupled device (CCD) camera. An optimum 

magnification of 40 kX (corresponding to 10.4 µm2 field of view on the camera) within 

the TEM was selected. This magnification was high enough to clearly observe the crystal 

front and at the same time enough number of measurements on the crystal size as a 

function of annealing time was possible. During each isothermal crystallization process, 

the crystal radius was accurately measured as a function of the annealing time.  

6.3. RESULTS 

6.3.1. Determination of the growth parameters 

During the process of crystallization at elevated temperatures, nucleation starts after a 

certain incubation time, which is defined as the time taken by the sample, after reaching 

the annealing temperature, to show a visible nucleus. As an example, Fig. 6.2 shows the 
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bright-field TEM images recorded during the crystal growth in a GeCrN capped 

amorphous Sb3.3Te film when annealed at 185oC.   
 

0.5 µm0.5 µm   
 

  
 

 0.5 µm0.5 µm  
Fig. 6.2. Bright-field TEM images showing the nucleation and isotropic growth of crystals, in an 
amorphous Sb3.3Te film with GeCrN capping layers when isothermally annealed at 180oC. 

 
During the isothermal annealing process, the size of the crystal increases more or less 

linearly with time i.e., the crystal growth velocity is nearly constant, implying an 

interface controlled growth mechanism. However, a careful observation shows that the 

3.5 min. 6.5 min.

9.5 min. 12.5 min.

15.5 min. 18.5 min.
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growth rate is slowly, but significantly increasing with time. We observed such an 

increase in both type of samples; (i) samples crystallized under the electron beam 

exposure and (ii) samples crystallized in the absence of the electron beam. Hereafter the 

abovementioned two sample types will be shortly referred as ‘exposed’ and ‘unexposed’ 

samples, respectively. In the unexposed Sb3.3Te films the increase in growth rate with 

time cannot be an artifact caused by a slowly increasing temperature during the course of 

growth (whereas it is difficult to prove this artifact to be absent in the case of the exposed 

films). An example of the increasing growth rate with time from both exposed and 

unexposed SbxTe samples is presented in Fig. 6.3. This increase in growth rate is 

attributed to thermally activated relaxations. In the following discussion, it will be shown 

that relaxations activated by electron irradiation also result in an increase in growth rate. 
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: ZnS-SiO2 sandwiched Sb3.6Te, T = 170oC 
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Fig. 6.3. Position of the crystal growth front as a function of annealing time, t, for an electron beam 
exposed and unexposed SbxTe sample. An increase of the growth rate with time is observed for both 
samples crystallized with and without electron irradiation. Such an increase indicates relaxation of the 
amorphous phase allowing faster growth rates.  

 
The growth velocity increases strongly when the isothermal crystallization 

(annealing) temperature is increased. An example for the variation in crystal radius as a 

function of time at various annealing temperatures is shown in Fig. 6.4. This example 

holds for Sb3.3Te film sandwiched between ZnS-SiO2 layers. Neglecting the time 
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dependence, the growth velocity can be described by Arrhenian-type temperature 

dependence: 

⎟⎟
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⎝
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CTV
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g
gg exp)(                                  (6.1) 

with Vg: growth velocity, T: annealing temperature, Eg: activation energy for crystal 

growth, Cg: preexponential constant and kB: Boltzmann’s constant. The activation energy 

can be calculated from the slope of the straight line obtained by plotting ln(Vg) versus 

1/T. The intercept corresponds to the preexponential constant. Such Arrhenius plots were 

drawn for the electron beam exposed and unexposed SbxTe films. The effect of the 

electron beam on the crystallization of ZnS-SiO2 and GeCrN capped SbxTe films are 

discussed in the following two sections. 
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Fig. 6.4. Average crystal radius, r, as a function of time, t, at various isothermal annealing temperatures 
in Sb3.3Te films sandwiched between GeCrN layers indicating a growth rate that is strongly activated 
by temperature. 

6.3.2. Effect of electron beam on ZnS-SiO2 capped SbxTe films 

Figure 6.5 compares the Arrhenius plots of ZnS-SiO2 capped SbxTe films crystallized 

with and without the electron beam exposure. Activation energy for crystal growth 

calculated for these samples are listed in table 6.1. The results show that the activation 

energy does not change significantly due to the exposure to the electron beam during 

crystallization. Note that the comparison made between the electron beam exposed and 

unexposed samples is not straightforward since, the electron beam exposed samples 
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(Sb3.0Te, Sb3.6Te and Sb4.2Te) differs in composition with the unexposed sample 

(Sb3.3Te). However, by (linearly) interpolating the results for Sb3.0Te, Sb3.6Te and Sb4.2Te 

a good comparison with the result for Sb3.3Te can still be made. 
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Fig. 6.5. Arrhenius plots of the growth rate, Vg, as a function of the annealing temperature, T, showing 
the effects of electron beam exposure on the crystallization of SbxTe films sandwiched between      
ZnS-SiO2 layers. From the figure it can be deduced that the growth rate is accelerated (independent of 
temperature) about 3 times by electron irradiation. 
 

From Fig. 6.5, it is clear that the growth velocity increases when the crystallization is 

performed under electron beam exposure. The growth velocity is at least three times 

higher in the electron beam exposed samples than the unexposed one. This difference that 

is independent of temperature can be explained consistently by a temperature increase of 

about 10 K due to the electron irradiation. However, instead of just a temperature change 

other physical processes can be actually at the basis of the observed change in growth 

velocity. 
 

Table 6.1. Activation energy for crystal growth, Eg, of SbxTe films with ZnS-SiO2 capping layers. 

 
 
 

 

 

 

Sb/Te ratio Electron beam exposure Eg (eV) 
3.3 Unexposed  2.7 ± 0.4 

3.0 Exposed  2.7 ± 0.1 

3.6 Exposed 3.1 ± 0.3 

4.2 Exposed 2.9 ± 0.1 
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6.3.3. Effect of electron beam on GeCrN capped SbxTe films 
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Fig. 6.6. Arrhenius plots of the growth rate, Vg, as a function of the annealing temperature, T, showing 
the effects of electron beam exposure on the crystallization of SbxTe films sandwiched between GeCrN 
layers. From the figure it can be deduced that the electron beam increases the growth rate about         
50 times at 150oC and about 4 times at 185oC. 
 
In Fig. 6.6, the growth velocity is plotted as a function of annealing temperature for the 

exposed and unexposed SbxTe films sandwiched between GeCrN layers. Activation 

energies calculated for these samples are listed in table 6.2. The samples exposed to the 

electron beam during crystallization show at least 30% lower activation energies than the 

unexposed one. The electron beam exposed samples show increased crystal growth 

velocities compared to the unexposed sample. Difference in the growth velocity, between 

the exposed and unexposed samples, decreases with increasing annealing temperature. 

Quantitative measurements show that the growth velocity increases more than 50 times at 

lower annealing temperatures (~150oC), and increases about 4 times at higher 

temperatures (~185oC). This difference in growth velocity would be insignificant at 

higher temperatures.  
 

Table 6.2. Activation energy for crystal growth, Eg, of SbxTe films with GeCrN capping layers. 

 

 

 
 

Sb/Te ratio Electron beam exposure Eg (eV) 
3.3 Unexposed  3.0 ± 0.4 

3.0 Exposed  1.8 ± 0.1 

4.2 Exposed  2.0 ± 0.2 
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6.4. DISCUSSION 

As-deposited films prepared by sputtering techniques are generally in noncrystalline state 

with a considerable amount of residual stresses. These stresses could be mainly due to the 

continuous bombardment of ions/particles on the growing film and/or the presence of 

sputtering gas (argon) atoms within the film. The free energy state of the as-deposited 

film is not stable and hence will try to attain a relatively stable state. There are two 

relatively lower free energy states associated with the multielement phase-change alloy 

films, namely i) crystalline and ii) relaxed or partially relaxed amorphous state. In this 

context, the term relaxed or relaxation means local atomic rearrangements leading to a 

release of residual stresses and/or Ar atoms. In a relaxed amorphous phase the residual 

stress level will be zero or at least lower than the as-deposited samples. Relaxation in the 

solid state is generally initiated by thermal energy. However, it can also occur under the 

influence of nonthermal means (e.g. photons) or by both thermal and nonthermal 

processes. 

In agreement with this discussion, our observations show that the relaxation effects 

are pronounced in the sputtered films (see also Ref. 13) and were not detected in the 

previously studied electron beam evaporated phase-change films [11,12]. However, a 

possible role of the dielectric layers cannot be excluded, because in our previous study 

[11,12] the phase-change film was directly evaporated on the silicon nitride membrane, 

whereas in the present work they are also sandwiched between thin dielectric layers and 

the silicon nitride is thicker (25 nm instead of 10 nm). Therefore, the relaxations           

(of stresses or the release of any trapped argon from the film) within the present phase-

change films are more restricted or may not occur very quickly and the relaxation 

induced effects are apparent. 

Previous reports show that the free energy state of a fully or partially relaxed 

amorphous phase is between the unrelaxed (as-deposited) and crystalline states [14-17]. 

The relaxed material, therefore, can significantly differ in physical properties compared 

to the unrelaxed one. Figure 6.7 shows the free energy states of the as-deposited, relaxed 

and crystalline phases. Laser induced relaxation was studied by Morilla et al. [17] in 

sputtered amorphous Sb0.87Ge0.13 films. They found that the relaxed material had a lower 

crystallization temperature, lower activation energy for crystal growth and a higher 
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crystal growth velocity than the as-deposited one. Vega et al. [16] obtained a relaxed 

amorphous phase of Ge by melting and rapidly solidifying the as-sputtered amorphous 

phase using a laser. It was found that the relaxed amorphous phase needed lower laser 

energy for crystallization than the unrelaxed one. Thermally activated relaxation in 

amorphous Ge films (prepared by inert gas implantation technique) was studied by 

Donovan et al. [14] and the reduction in Gibbs free energy of the as-deposited amorphous 

material due to relaxation process was reported. 
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Ga1, Ga2 and Gc are the Gibbs free energies of the as-deposited amorphous, relaxed 
amorphous and crystalline phases, respectively. ∆G1 and ∆G2 are the change in Gibbs free 
energy of the as-deposited amorphous and relaxed amorphous phases with the crystalline 
phase, respectively. 

Fig. 6.7. Schematic representation of various (stable and meta-stable) phases and their free energy states 
associated with a sputtered phase-change film. Ga1, Ga2 and Gc are the Gibbs free energies of the           
as-deposited amorphous, relaxed amorphous and crystalline phases, respectively. ∆G1 and ∆G2 are the 
change in Gibbs free energy of the as-deposited amorphous and relaxed amorphous phases with the 
crystalline phase, respectively. This figure is adapted from Ref. 15.  
 

The effect of the electron beam on the crystal growth velocity and activation energy 

for crystal growth in SbxTe film we observed is very comparable with the observations of 

Morilla et al. [17]. They showed a large reduction in activation energy (> 80%) as an 

effect of laser relaxation. This is a much bigger effect comparing the present results, 

where we found about 30% reduction in activation energy due to the electron beam in 

GeCrN capped SbxTe films. Morilla et al. [17] put forward an explanation based on the 

Gibbs free energy, which reduces when the as-deposited material is relaxed. However, 
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we present an alternative explanation based on a reduced viscosity or a better structural 

matching at the amorphous/crystalline interface in the phase-change material. These 

phenomena can lead to the observed reduction in the activation energy for growth.  

In simple terms, a more general equation than equation (6.1) for the interface velocity 

can be given as [18], 
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which can be derived at the atomic scale where two atomic positions on both sides of an 

(amorphous-crystalline) interface are considered with a Gibbs free energy difference  

(∆G < 0). Eg is the activation energy required for an atom to jump across the interface and 

Cg is equivalent to an attempt frequency (v) times jump distance (d). Note that v can also 

be strongly temperature dependent (discussed below). At the melting temperature (Tm), 

∆G is zero for the bulk amorphous and crystalline phases and its value becomes 

increasingly more negative at lower temperatures.  

In the present as well as previous study (e.g. by Morilla et al. [17]) the measurement 

were preformed at relatively low temperatures (just) above the glass transition 

temperature Tg, but well below Tm. Therefore, it can be expected that ∆G is not small and 

also not strongly changing within the temperature interval of the measurements. Hence, 

the last term in equation (6.2) cannot be relevant to explain the observed changes. Even 

more importantly, relaxations within the amorphous phase definitely reduce the driving 

force ∆G for the growth process (compare Fig. 6.7) and thus should reduce the growth 

rate. This is contrary to the present and all the previous (referred) observations. This 

reduced driving force after relaxation will be definitely there, but is apparently 

predominated by a reduced Eg and/or increased Cg. 

 Relaxation within the amorphous phase may lead to a much better compatibility at 

the interface with the growing crystal and consequently may reduce Eg and/or increase 

Cg. Relaxations within the amorphous phase may also lead to a reduced viscosity at the 

same temperature of the phase-change material. The viscosity is often taken according to 

the Stokes-Einstein relation directly proportional with the reciprocal of the jump attempt 

frequency 1/v [19-21]. In some cases the viscosity is described by an Arrhenian 

temperature dependence [21-24]. However, in most cases the strongly temperature 
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dependent Vogel-Fulcher-Tammann (VFT) relation, that holds particularly in the here 

appropriate temperature range Tg < T < Tg + 100 K, is used to describe the viscosity η 

[25-29]. In both cases changes in viscosity due to relaxations can change the effective 

activation energy for growth as obtained using equation (6.1) and as measured in this way 

by us and Morilla et al. [17]. It will definitely have large impact on the growth rates, 

because at low temperatures (e.g. just above Tg) the viscosity is the dominant physical 

quantity governing the crystal growth rate, as the driving force for crystallization is high, 

but the atomic mobility is (too) low.  

 Within this context it is particularly interesting to mention the potential effects of 

irradiation with high energy electrons, which apart from a small thermal effect is for 

instance: bond breaking (radiolysis), knock-on collisions that can displace whole atoms 

and for semiconductors the production of electron-hole pairs. Also for phase-change 

materials it has been put forward that laser irradiation is not only melting the material by 

heat, but creates electron-hole pairs which generates a new fluid-like state, i.e. effectively 

reduces the melting temperature of the phase-change material [30]. Therefore most of the 

effects of the electron beam may promote atomic mobility, i.e. reduce the viscosity and 

increase the growth rate in accordance with the observations. 

 The role of various dielectric capping layers on the crystallization, without exposure 

to an electron beam, of SbxTe film was discussed in chapter 5 (and also reported in     

Ref. 10). It was evident that the growth rate depends on the capping layer type. This 

dependence is observed in the present work as well for both the electron beam exposed 

and unexposed samples. The effect is more pronounced in the exposed samples. It is, 

therefore, clear that the electron beam relaxation effect on the growth properties of SbxTe 

films is capping layer dependent. Sandwiching SbxTe films with ZnS-SiO2 layers 

provides more screening to the relaxations induced by electron beam, whereas 

sandwiching with GeCrN in particular at low temperatures (150oC), shows a dramatic 

increase in growth rates due to electron irradiation. The reason for the influence of 

capping layer type on the growth properties of the electron beam exposed samples is 

unclear at present, this is nevertheless of interest for applications, because, an improved 

protection against the radiation (in this case high energy electron beam) to the phase-

change film can be obtained by selecting a proper capping layer material. 
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6.5. CONCLUSIONS 

Isothermal crystallization of sputtered amorphous SbxTe films sandwiched between two 

types of capping layers, GeCrN or ZnS-SiO2, was analyzed using a transmission electron 

microscope with in-situ annealing. The effect of the electron beam of the microscope 

(with 200 kV accelerating voltage) on the crystallization of SbxTe films was investigated. 

The crystal growth velocity strongly increased and the activation energy for growth 

decreased when the sample is exposed to an electron beam during crystallization. In 

SbxTe films sandwiched between ZnS-SiO2 capping layers, the effect of the electron 

beam was equivalent to a temperature rise of about 10 K, without affecting the activation 

energy for growth. However, in SbxTe films with GeCrN capping layers, in addition to 

the increase in crystal growth velocity, the activation energy for crystal growth was 

decreased due to the electron beam exposure. Our results are, in principle, consistent with 

the previous studies on the laser induced relaxation in amorphous phase-change films 

[17]. Apart from the relaxations induced by electron or laser irradiation, relaxations due 

to thermal energy were also observed. The increased growth rate and reduced activation 

energy for growth are explained by relaxations that lead to a better structural matching at 

the amorphous-crystalline interface in the phase-change material and/or a reduced 

viscosity of the amorphous phase-change material.   
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CHAPTER 7  

Summary and outlook 

7.1. SUMMARY 

This thesis focuses on two major of aspects of phase change recording, which were 

motivated by the key requirements for today’s electronic storage technology, such as high 

data storage density and high data transfer rate of the phase-change data storage;             

i) atomic force microscopy based electrical data recording and demonstration of a new 

memory concept, polarity-dependent electrical resistance switching, at various length 

scales using AFM and a homebuilt electrical setup and ii) isothermal crystallization 

studies using in-situ transmission electron microscopy. For these investigations, two 

types of phase-change thin film specimens were fabricated using magnetron sputtering 

technique; (i) nucleation-dominated GeSbTe and (ii) growth-dominated doped SbTe. The 

electrical data recording studies were performed with the GeSbTe specimens, whereas the 

crystallization studies were performed with the doped SbTe specimens. The important 

research outputs of this work are summarized below and the information gathered in this 

research work is considered useful for the understanding and development of           

phase-change materials and memory technology. 

7.1.1. AFM-based data recording and polarity-dependent resistance switching 
The electrical resistance switching behaviour of Sb-rich Ge2Sb2+xTe5 thin films was 

analysed at various length scales, from millimeter to nanometer, using a conductive AFM 

and capacitor-like memory cells. The films exhibited two types of resistance switching 

mechanisms. One is associated with the amorphous to crystalline phase transition and the 

other with ionic conduction within the film due to a solid state electrolyte like behaviour. 

In mechanisms, the electrical resistance (or conductance) of the film switches between    

a low and high level. The second mechanism was associated with the crystalline phase of 

Ge2Sb2+xTe5 and it is driven by the polarity of the applied electric field. Hence it is named 

as polarity-dependent resistance (PDR) switching. The lower and higher-resistance state 

in the PDR switching was attributed to the formation and rupture of conductive             
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Sb filaments, respectively, in the film between the electrodes. According to our proposed 

mechanism, Sb filaments would bridge the conductive Ge2Sb2Te5 crystals and residual 

(high-resistive) amorphous phase with the electrodes, causing the low resistive crystalline 

phase. The role of Sb in PDR switching was verified by examining stoichiometric 

Ge2Sb2Te5 thin films, which failed to demonstrate the PDR switching but only showed an 

amorphous to crystalline phase transition.   

Crystalline marks of 15 to 500 nm sizes were written in the amorphous films using    

a conductive AFM, where write pulses of 4 to 5 V magnitude and 250 to 500 ms pulse 

width were used. A reversible PDR switching using dc voltages <1.5 V was demonstrated 

in the crystalline marks with a resistance contrast up to 3 orders of magnitude between 

the two resistance states. The resistance difference between the crystalline phase in the 

high-resistance state and the amorphous background was not detectable since the current 

flow through both phases was below the detection limit of our conductive AFM setup.  

To demonstrate the PDR switching at larger (micro to millimeter) scales and to collect 

also information about the switching parameters such as cyclability, response time, and 

data retention, capacitor-like memory cells with Ge2Sb2+xTe5 films and Ag or Al top-

electrodes were fabricated and examined. These simple memory cell structures 

demonstrated reversible switching up to few hundred cycles and a data retention time    

(at room temperature) of several months. The PDR switching performance was not 

significantly affected by the material type of the top-electrode (Pt/Ir, Ag & Al were 

tested). Determination of the minimum response time of the switching was limited by our 

experimental setup, however, the switching was demonstrated by voltage pulses with 

pulse widths as low as 1 µs. These results are the first demonstration of the existence of 

two types of resistance switching mechanisms (phase-change and PDR) in a single 

material system. The present findings have the potential to extend the applicability of 

phase-change thin films and render powerful opportunities for data storage technology. 

7.1.2. Isothermal TEM crystallization studies in doped SbTe thin films 
Crystallization kinetics of the growth-dominated (or fast-growth) type doped SbTe thin 

films was extensively investigated via isothermal annealing experiments with a 

transmission electron microscope. The specimens were isothermally crystallized at the 

temperature interval between 160 and 185oC within the column of the TEM by two 
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methods; i) annealing continuously under the electron beam exposure and ii) annealing in 

a discrete manner without electron beam exposure at the annealing temperatures (the 

specimens were cooled down to room temperature in order to perform the TEM 

measurements). In the first method, the crystallization process of the specimen is 

influenced by the electron beam whereas in the second method, the electron beam 

influence on the crystallization is minimized. The experiments revealed information 

about the crystallization behaviour of the doped SbTe thin films as listed below.  

a)  Influence of Sb/Te ratio and capping layers on crystal growth parameters - electron 
beam effect included 

Three different compositions of doped SbTe thin films, Sb3.0Te, Sb3.6Te and Sb4.2Te, with 

GeCrN or ZnS-SiO2 capping layers were examined. During annealing and electron beam 

exposure, relaxation within the SbTe films lead to a growth rate that slowly but 

continuously increases with time. The rate of crystal growth within the Sb4.2Te films was 

about 5 times higher compared to the Sb3.0Te films when using ZnS-SiO2 capping layers 

whereas, it was about 2 times when using GeCrN capping layers. The activation energy 

for crystal growth (Eg) was not strongly dependent on the SbTe film composition, but it 

was clearly influenced by the capping layer type. Eg was on average about 2.9 eV for the 

ZnS-SiO2 capped films and about 2.0 eV for the GeCrN capped films. For the 

temperature interval considered, the crystal growth rates of the SbTe films with ZnS-SiO2 

capping layers is higher compared to that of the SbTe films with GeCrN capping layers, 

but this reverses after a relatively small temperature increase due to the higher Eg values 

associated with the ZnS-SiO2 capped films. The incubation time for crystallization in the 

SbTe films is longer when using ZnS-SiO2 capping layers instead of GeCrN capping 

layers. In the ZnS-SiO2 capped films, the average grain size (measured after a certain 

time of crystallization but before the compete crystallization occurs) is higher for higher 

Sb/Te ratios. This means that the growth rate increases and nucleation rate decreases 

when increasing the Sb/Te ration. For a fixed Sb/Te ratio (Sb/Te = 3.0), GeCrN capping 

layers provided higher nucleation rate than ZnS-SiO2 capping layers. 

b)  Influence of capping layers on the nucleation and growth properties - electron 
beam effect excluded 

The influence of GeCrN and ZnS-SiO2 dielectric capping layers on the crystallization of 

doped Sb3.3Te thin films was analyzed. The TEM experiments provided direct and 
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quantitative information on the crystal nucleation and growth properties.                      

The temperature-dependent growth rate generally decreases when the Sb3.3Te film is 

sandwiched between the capping layers. The magnitude of the decrease in the growth rate 

depends on the capping layer type. The influence of capping layers on the growth rate is 

pronounced at lower temperatures (around 160oC) and tends to disappear at higher 

temperatures (around 200oC). The activation energy for crystal growth is 2.4 ± 0.3 eV for 

the uncapped Sb3.3Te film and it increases about 40% on the inclusion of capping layers. 

The nucleation rate was temperature and time dependent, but the nucleation index was 

independent of the temperature and capping layer type. Compared to the uncapped 

Sb3.3Te films, GeCrN layers accelerate the nucleation rate by a factor of about 1.7, 

whereas ZnS-SiO2 layers decelerate it about 5 times. The activation energy for crystal 

nucleation is almost unaffected by the capping layers and is it about 6.2 eV for capped 

and uncapped Sb3.3Te films. The variations observed in both the growth and nucleation 

properties are attributed to the interfacial energy (chemical bonding) between the phase-

change and capping layers and also to the confinement of the phase-change film by the 

capping layers.  

c)  Effect of the electron beam on the crystallization and the role of capping layers 
during the electron beam interaction with the crystallization 

The effects of the electron beam of the transmission electron microscope (with 200 kV 

accelerating voltage) on the crystallization process of the doped SbTe films were 

investigated. The crystal growth velocity strongly increases and the activation energy for 

growth decreases due to electron beam exposure. In the SbTe films with ZnS-SiO2 

capping layers, the electron beam exposure leads to a temperature rise of about 10 K, 

without affecting the activation energy for growth. In the SbTe films with GeCrN 

capping layers, not only increasing the crystal growth velocity, but the electron beam 

exposure also causes the activation energy for crystal growth to be decreased. Our results 

are consistent with the previous studies on the laser-induced relaxation in amorphous 

phase-change films. Apart from the electron beam or laser induced relaxation, we also 

observed relaxation due to thermal energy. The increased growth rate and reduced 

activation energy for growth can be explained by the relaxation that lead to a better 
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structural matching at the amorphous-crystalline interface in the phase-change film 

and/or the reduced viscosity of the phase-change material.   

7.2. OUTLOOK 

We have performed electrical data recording studies with the nucleation-dominant 

GeSbTe thin films. Using an atomic force microscopy, we produced (poly) crystalline 

marks in the amorphous films. However, traditionally (for e.g. in phase-change optical 

disks) amorphous marks are written and erased in the crystalline background. Hence, 

AFM-based electrical data recording in crystalline films would be of interest to bring the 

research closer to practical applications. Producing amorphous marks this way appears to 

be a major challenge since it has not been reported up to now. 

Most of the probed-based electrical data recording studies reported in literature 

including our present investigation focused on nucleation-dominant GeSbTe materials 

and such studies are rarely reported for the fast-growth type materials such as doped 

SbTe alloys. Hence investigating the fast-growth materials and comparing their electrical 

recording features with the GeSbTe materials may provide useful information. 

Our present AFM-based recording experiments (including a few others reported in 

literature) were performed in open atmosphere onto the bare phase-change films. 

Although the phase-change films are not highly vulnerable to oxidation, very thin oxide 

layers can still be formed on the surface of the phase-change, leading to higher operating 

voltages. Moreover, for practical applications, the phase-change film should be covered 

with a protective layer. Hence, exploring suitable materials for the protective layer is 

necessary. The expected critical issue with such protective layers would be their electrical 

resistivity, which should not add any limitations to the electrical recording process. 

Therefore optimizing the electrical resistivity of the protective layer is important.         

We have analyzed also a few materials (for e.g. doped carbon) for this purpose, but a 

detailed investigation is necessary to optimize the covering layer properties. 

The smallest (crystalline) marks we were able to produce (using AFM probes with  

40 nm radius of curvature) were about 10 to 15 nm and the smallest reported thus far is 

about 10 nm. However, it is possible to write even smaller marks with very sharp      
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AFM probes and such studies will promote the data storage densities much higher than             

1 Tbit/inch2. 

In the AFM data recording, the probes used for recording are generally coated with 

conductive layer(s). The probe material is generally silicon nitride and it is coated with 

typically 30 to 50 nm thick conductive materials (such as Cr, Pt, Ir, doped diamond, etc.). 

Such probes are often suffering from very short lifetimes because of the removal of the 

conductive coating at the tip of the probe or tip breakdown by the mechanical wear or 

electrothermal melting. Therefore, proper coating and tip materials with high electrical 

conductivity, high wear resistance and high melting temperatures have to be explored. 

The recording speed of the AFM-based recording, which is related to the scanning 

speed of the AFM, is much lower compared to the optical recording. Hence, the tip 

scanning speed should be improved or alternate technologies should be introduced to 

attain enhanced recording speed. Improving the tip scanning speed is not as 

straightforward since there are several limiting factors. For e.g., at high scan speed;         

i) the sensitivity of the mark-reading will drop, ii) the precision in identifying the mark 

position will increase or iii) the probability of tip damage may increase (especially when 

using probes with very low force constants). For instance, using an array of probes        

(as used in the millipede concept of IBM) can improve the recording speed. Therefore, 

exploring such alternate technologies is necessary to realize high recording speeds          

in phase-change materials. 

In this work, the polarity-dependent resistance switching behaviour of Ge2Sb2+xTe5 

thin films is investigated at nanoscale using a conductive AFM technique. With the AFM 

experimental setup, measurements of some of the recording parameters such as 

cyclability, data retention and response time are experimentally limited since the tip 

position over the mark cannot be made stable (for long duration). Fluctuations in the 

ambient conditions (e.g. temperature) can cause thermal strain to the cantilever (of the 

probe), leading to a drift in the tip position. To overcome this, capacitor-like memory 

cells with stable (top) electrodes were fabricated and they showed improved cyclability, 

data retention and response time. However, the inconvenience was that the cell sizes   

(µm to mm) were clearly larger than the effective cell sizes (a few nm) considered in the 

AFM experiments. Also, the capacitor-like cells showed a reduced resistance contrast, 
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compared to the AFM experiments. This could be due to several reasons including;         

i) with a larger cell area there are possibilities for leakage current, leading to low 

resistance contrast and ii) the top electrode materials used in the capacitor-like cells 

(aluminium or silver) were different from those (i.e. Pt-Ir) used in the AFM experiments, 

leading to different contact resistances. The contact resistance between the conductive tip 

and the film is expected to be higher as the tip does not make a firm electrical contact 

with the film. However, since the effective cell size in the AFM setup is much smaller 

compared to the capacitor-like cells, the leakage current is limited, leading to a high 

resistance contrast. Therefore, designing capacitor-like cells (for e.g. using advanced 

lithography techniques) with sizes closer to those used in AFM setup is vital to evaluate 

this idea to be applied in products. Moreover, instead of depositing top-electrodes onto    

a continuous phase-change film as shown in Fig. 7.1a, memory cells, fabricated isolated 

from each other as shown in Fig. 7.1b, may give more confinement to the electrical 

current flow within the cell volume, leading to larger electrical contrast. 
 

Electrode layer

Phase change layer

(a) (b)

Electrode layer

Phase change layer

(a) (b)

 
Fig. 7.1. Capacitor-like memory cell structures for electrical data recording: (a) memory cells fabricated 
on a continuous phase-change film (similar structure is used in the present investigation) and             
(b) discrete memory cells proposed for the future studies (advanced etching techniques can be used for 
the cell fabrication).  
 

The ‘switching speed’ of the PDR switching is an important factor to be addressed. 

Our nonoptimized capacitor-like memory cells do not allow fast switching with 

nanosecond voltage pulses due to the stray capacitance effects. However, by optimizing 

the cell structure (as shown in Fig. 7.1, for instance) and the electronics (of the probe 

based recording particularly) higher switching speed can be realized, so that the phase-

change material determines the switching speed and not the external testing apparatus. 

To get more insight into the electrical resistance switching mechanisms, it is vital to 

(nondestructively) invasively analyze the structure of the recorded marks. TEM might be 

a powerful tool for such analysis, but the experimental conditions should be optimized so 
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that the electron beam of the microscope does not influence the written marks.              

We performed also a preliminary (planar view TEM) investigation on the tip-written 

marks. However, a more detailed analysis (e.g. cross sectional TEM) is required to gain a 

deep understanding particularly on the polarity-dependent resistance switching. 

Moreover, in order to reveal the influence of the film composition, for e.g. the Sb 

fraction, on the polarity-dependent resistance switching, a range of film compositions 

need to be examined.  

In this work, crystallization kinetics of doped SbTe thin films with various Sb/Te 

ratios, 3.0, 3.3, 3.6 and 4.2, and the influence of various factors on the crystallization was 

investigated using transmission electron microscopy. However, a detailed study including 

quantitative information on both crystal nucleation and growth is reported only for the 

Sb/Te ratio of 3.3. Hence, performing similar comprehensive studies for the other Sb/Te 

ratios will reveal the influence of film composition on the nucleation and growth 

properties. Moreover, finding the relationship between the elemental compositions and 

the crystallization parameters such as the activation energies for nucleation and growth, 

the rates of crystal nucleation and growth and crystallization temperature is vital for the 

development of new phase-change materials. For this purpose, developing theoretical 

models which correlate the composition and crystallization kinetics will be very useful in 

predicting the crystallization properties of new compositions. Finding the relationship 

between the growth and nucleation parameters via the Johnson-Mehl-Avrami-

Kolmogorov (JMAK) transformation kinetics, which describe the volume fraction of 

crystallized material as a function of temperature and time will give more insight into the 

crystallization kinetics. 

The role of two types of capping layers, GeCrN and ZnS-SiO2, on the crystallization 

kinetics of the doped SbTe films has been investigated in the present work. Other than 

improving the overwrite cyclability, the capping layers significantly affect the nucleation 

and growth parameters. Interestingly, depending on the material type, the capping layer 

influence on these parameters varies. For e.g., the nucleation rate of the Sb3.3Te film is 

increased by GeCrN, while it is decreased by ZnS-SiO2. Also, studying the capping layer 

influence for various phase-change film thicknesses would be interesting, because strong 

influences on the film properties (for e.g. increase in crystallization temperature) are 
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expected below certain critical thickness. Therefore, revealing the reason behind the 

capping layer influence is important in identifying proper capping layer materials to 

control or optimize the crystallization of phase-change films. Generally the capping layer 

effects on the crystallization of phase-change films are attributed to the factors such as 

the interfacial energy and/or chemical bonding between the phase-change and capping 

layers. However, not enough quantitative information on these physical and chemical 

factors is available and that has to be explored as well. Studying the capping layer 

influence on the nucleation properties of various Sb/Te ratios, which is not discussed in 

this work, can also be an informative future study.  

The effect of the electron beam of the TEM on the crystallization of SbTe films is 

addressed in this work, where the role of capping layers during the electron beam 

interaction with the crystallization is also considered. ZnS-SiO2 layers provide more 

screening to the electron beam induced relaxation in SbTe film compared to the GeCrN 

layers. The reason for such different screening effects for different capping layer 

materials is not clear. Therefore, understanding this in more detail can be useful in 

selecting the suitable capping layers to provide better radiation hardness (to electron 

beam or similar type of radiation). 
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