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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             

133



Chapter 7 

 134 

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 



Summary and outlook 

 141

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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