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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 
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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 



Chapter 4 

 84 

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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⎝
⎛ ∆−⎟

⎠
⎞

⎜
⎝
⎛−=

kT
G

kT
Evv exp1exp0                       (4.2) 

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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