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Chapter 5†† 

Dynamic reconfiguration of van der Waals gaps within 

GeTe-Sb2Te3 based superlattices 

230 °C 300 °C 400 °C  

The van der Waals gaps trapped in GeTe-Sb2Te3 based superlattices 

reconfigure themselves throughout the film upon annealing. 

Abstract 

Phase-change materials based on GeSbTe show unique switchable optoelectronic 

properties and are an important contender for next-generation non-volatile 

memories. Moreover, they recently received considerable scientific interest, 

because it is found that a vacancy ordering process is responsible for both an 

electronic metal-insulator transition and a structural cubic-to-trigonal transition. 

GeTe-Sb2Te3 based superlattices, or specifically their interfaces, provide an 

interesting platform for the study of GeSbTe alloys. In this work such 

superlattices have been grown with molecular beam epitaxy and they have been 

characterized extensively with transmission electron microscopy and x-ray 

diffraction. It is shown that the van der Waals gaps in these superlattices, which 

                                                             
†† This chapter has originally been published as Momand, J. et al. Dynamic reconfiguration of van der 

Waals gaps within GeTe–Sb2Te3 based superlattices. Nanoscale 9, 8774–8780 (2017). 
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result from vacancy ordering, are mobile and reconfigure through the film using 

bi-layer defects and Ge diffusion upon annealing. Moreover, it is shown that for 

an average composition that is close to GeSb2Te4 a large portion of 9-layered van 

der Waals systems is formed, suggesting that still a substantial amount of 

random vacancies must be present within the trigonal GeSbTe layers. Overall 

these results illuminate the structural organization of van der Waals gaps 

commonly encountered in GeSbTe alloys, which are intimately related to their 

electronic properties and the metal-insulator transition. 

5.1 Introduction 

Phase-Change Materials (PCM) are multifunctional materials with extraordinary 

properties, including large differences in optical reflectivity and electrical resistivity 

between the amorphous and crystalline phases and ultrafast switching kinetics, 

making them excellently suited for memory and switchable optoelectronic 

applications.1–4 In most PCM, such as the prototypical GeSbTe (GST) or specifically 

Ge2Sb2Te5 (GST225), switching occurs between the amorphous and metastable 

crystalline phases. The metastable phase is characterized by a  rocksalt structure, 

where (referring to NaCl) the anion sublattice is fully occupied by Te and the cation 

sublattice is randomly occupied by Ge/Sb and a significant amount (up to ~33%) of 

vacancies.5,6 Although there is several orders of magnitude difference in resistance 

between the amorphous and rocksalt phases, this latter state is typically 

semiconducting and a Metal-Insulator Transition (MIT) is found to occur parallel 

with the transition to a stable trigonal structure.7–15 This trigonal structure is based 

on a stacking of close-packed planes in abc (i.e. rhombohedral) fashion with the 

most distinct feature of having directly adjacent Te close-packed planes, where the 

mutual bonding is predominantly of van der Waals (vdW) type16–18 It has been 

observed that the transition from the rocksalt to the trigonal structure occurs by 

gradual ordering of vacancies on cation close-packed planes that subsequently can 

collapse into vdW gaps, which distinctly differ in their abc-stacking from the 

preceding vacancy layers.19–25 In parallel it has been argued that although the 

rocksalt to trigonal transition and MIT are driven by the same mechanism of 
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vacancy ordering, they are of different nature and independent from each other.26,27 

Hence, the behavior of ordered and disordered vacancies in GST remains of crucial 

importance for understanding both the structural transition as well as the 

Anderson-type MIT described in the original publication of Siegrist et al.13 

The nano-structuring of PCM in the form of GeTe-Sb2Te3 based SuperLattices 

(SL), referred to as GeTe-Sb2Te3 SL in the remainder of the text, has aroused large 

interest in the field, because it enables, compared to conventional GST memories, 

switching with a substantially lower power.28 This was attributed to a solid-state 

switching mechanism, which therefore does not rely on the energy intensive step 

via the liquid phase that occurs normally in melt-quenched amorphous PCM. In 

our previous work it was demonstrated that high-quality GeTe-Sb2Te3 SL, which 

are grown at elevated temperatures with Molecular Beam Epitaxy (MBE), actually 

form SL of Sb2Te3 and GST vdW layers, where the vdW bonds are pinned along the 

film’s growth direction due to deposition kinetics.29,30 Moreover, it was shown that 

trigonal GST is the thermodynamically stable phase below the melting 

temperature, because it formed upon annealing the as grown GeTe-Sb2Te3 SL. 

Hence, it was demonstrated that GeTe-Sb2Te3 SL, and particularly their interfaces, 

provide a valuable and useful platform to study the solid-state chemistry for PCM 

at the GeTe-Sb2Te3 tie line.  

In this work extensive microscopic analysis is presented of MBE grown GeTe-

Sb2Te3 SL with particular focus on the reconfiguration of vdW gaps, analyzed using 

High-Angle Annular Dark Field Scanning Transmission Electron Microscopy 

(HAADF-STEM), X-Ray Diffraction (XRD) and Transmission Electron Microscopy 

Energy Dispersive X-ray spectroscopy (TEM-EDX). A quantitative analysis of 

HAADF-STEM images is presented that provides statistical information on the 

vdW layer distributions in the films. It is inferred from the results that the initially 

formed vdW gaps are mobile and can redistribute themselves within the film upon 

annealing. This process illustrates how the evolution of the initial broad 

distribution of the vdW layer systems in the SL due to deposition kinetics 

reconfigures into a narrow distribution corresponding to the film’s average 

stoichiometry. The findings imply that the stable trigonal phase of GST must be 

more sparse, i.e. must contain random vacancies, than previously assumed to 
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provide such mobility and that the crystal phases for stable GST can 

stoichiometrically deviate from the model of homologous (GeTe)m-(Sb2Te3)n layers. 

Overall the results shed light on previously unreported mechanisms of vacancy 

ordering which are related to the complex bonding interplay and disorder in GST. 

5.2 Results and Discussion 

Table 5.1: Presented SL sample results 

SL1 [Sb2Te3 (3 nm) / GeTe (1 nm)]15-Si3N4 (10 nm) 

SL2 [Sb2Te3 (3 nm) / GeTe (1 nm)]9-Sb2Te3 (3 nm) 

 

Table 5.1 shows the description of SL used in this study, both grown on Sb-

terminated Si(111) using a substrate temperature of 230°C. SL2 has been prepared 

with a new slow-growth method where deliberate growth interruptions were 

introduced when switching the deposition from GeTe to Sb2Te3, and vice versa, to 

improve the sharpness of the interfaces (see 5.4 Methods). Results of SL2 are 

compared against SL1 which has been grown without interruptions and this type of 

film has also been presented in our previous work,29,30 but not with the quantitative 

and statistical analysis that is performed here. Figure 5.1 (a) shows an overview 

HAADF-STEM micrograph of SL2. Similar as for SL1, also here almost exclusively 

odd-numbered atomic-plane GST and Sb2Te3 vdW blocks are formed because GeTe 

and Sb2Te3 intermix.31 Due to the Z-contrast between Ge and Sb/Te (see Section 

2.2.3 for more details)22,32,33 and the presence of vdW gaps in Sb2Te3, the individual 

sublayers can be recognized and are roughly indicated by the black arrows, pointing 

each time to Sb2Te3. To better visualize the occurrence of and to allow quantitative 

analysis of the distances between vdW gaps in the films Geometric Phase 

Analysis34,35 (GPA) is applied. When for example GPA is applied to Figure 5.1 (a), 

the resulting εzz phase map is shown in Figure 5.1 (b) (see Section 5.6.1 for details). 

Although the GPA algorithm was originally developed as a tool for strain mapping, 

in this case it is used to map relative displacements of the atomic planes which 

relate to the bonding in the film’s stacking sequence. In this way the relative 
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displacement “strain” εzz helps to visualize short distance Ge/Sb-Te in the negative 

εzz range (blue/green) and long distance vdW gaps in the positive εzz range (red). 

(a) (b)

(c) (d)
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Figure 5.1: HAADF-STEM and XRD of SL films after growth. (a) Overview micrograph of SL2. The 

black numbered arrows indicate the positions of Sb2Te3 sublayers. Scale bar: 10 nm; (b) GPA image of 

micrograph (a) visualizing vdW gaps through εzz relative displacements. The blue/green regions 

indicate shorter Ge/Sb-Te and the red regions indicate longer Te-Te inter-planar distances; (c) 

Distributions of 5-, …, 17-layered vdW systems for SL1 and SL2, derived from the analysis of HAADF-

STEM images; (d) XRD symmetric ω-2θ scans of SL1 and SL2. The Qz positions for 5-, …, 11-layer 

ordering is indicated by vertical lines. 

The vdW layer distribution of several micrographs has then been quantified in 

the histogram in Figure 5.1 (c) (see Section 5.6.1 for details). Both SL films show a 

large fraction of 5-layers, corresponding to Sb2Te3, and a small peak around the 11-

layer, corresponding to GST326 which formed due to mixing of 1 nm (3 bi-layers) 
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GeTe with 1 nm (1 quintuple) Sb2Te3. Although SL2 has a slightly higher 

concentration of Sb2Te3, the main difference is that the 11-layered peak appears 

sharper for SL2 than for SL1. It is also observed that even though more Sb2Te3 

quintuples are present, the formation of 7-layers is not drastically changed, 

supporting the previously found conclusion that mixing of GeTe/Sb2Te3 is a 

thermodynamic tendency. To complement such localized STEM measurements 

both SL films have also been characterized with XRD, of which the ω-2θ scans are 

shown in Figure 5.1 (d) (see also the extended scans in Section 5.6.4). The 

reflections at Qz = 3.63 Å-1 (SL1) and Qz = 3.66 Å-1 (SL2) correspond to the film’s 

average out-of-plane Te(222) spacing, the Qz = 3.47 Å-1 (SL1) and Qz = 3.53 Å-1 

(SL2) to the SL satellite peaks and the Qz = 3.1 Å-1 till Qz = 3.3 Å-1 to the 5-, 7-, 9 and 

11-layer vdW layer peaks, which arises due to the formation of these respective vdW 

blocks.14 Comparing the spectra, the two Te(222) reflections are shifted with 

respect to each other. This is because there is more Sb2Te3 in SL2 and therefore 

more low-distance vdW gap Te-Te bonds, shifting this peak to higher Qz. Also, the 

satellite peak of SL2 is at a different positions and is sharper than that of SL1, 

indicating larger as well as better defined GeTe/Sb2Te3 repeating unit even though 

SL2 has fewer repetitions (10 vs. 15). The vdW layer peak for the 9-layers can be 

recognized in the lower relative intensity at Qz=3.27 Å-1, indicating that the vdW 

layer distribution is sharper and narrower for SL2 compared with SL1, 

corroborating the histogram in Figure 5.1 (c). 

In addition, the average composition of both films is analyzed with large-scale 

TEM-EDX giving stoichiometries approximately GST124 and GST139 for SL1 and 

SL2, respectively (see Sections 5.6.2 and 5.6.3 for details). This allows both the 

quantification of the separate average sublayer thicknesses as well as finding the 

degree of vacancy ordering. SL1 has 1.0 nm GeTe and 2.8 nm Sb2Te3, while SL2 has 

1.2 nm GeTe and 3.7 nm Sb2Te3, consistent with the intended sublayers in Table 

5.1. Regarding the vacancy ordering it is found that SL2 has a stoichiometry which 

is closer to decomposable stoichiometries of epitaxial GeTe and Sb2Te3 than SL1, 

meaning that SL2 is more ordered as would be expected for the slower growth 

method. Therefore, the results on the films in Table 5.1 show that SL have been 

grown with well-defined and stoichiometrically consistent SL features as seen from 
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both micro- and macro-scale (HAADF-STEM and XRD/TEM-EDX). The present 

quantitative results are then fully consistent with previously obtained qualitative 

ones and further quantify the characteristics of the films. The main conclusion from 

the present comparison of SL1 and SL2 is thus that the growth interrupts can 

slightly improve the quality of the SLs, but they cannot prevent (the 

thermodynamic driving force) that GeTe is passivated by Sb2Te3 such that GeTe is 

intercalated in GST vdW layers. This reconfiguration dynamics, limited by the 

kinetics during growth at the deposition temperature, is therefore responsible for 

the relative broad distribution of the vdW layer systems in the SL as observed in 

Figure 5.1 (c). 

SL1 is then further studied using the same procedures after annealing at 

different temperatures above the deposition temperature. Figure 5.2 (a) shows an 

overview HAADF-STEM micrograph of the film which was annealed for 30min at 

300°C, while the 30min 400°C annealed film was presented previously.29 It is 

observed, as will also be shown in the histogram below, that a significant 

reconfiguration has occurred, narrowing down the distribution of vdW layers. Also, 

many additional bi-layer defects at the edges of stacking disorder are seen in the 

film, where some examples are indicated by the orange arrows. This suggest that 

these bi-layer defects play a significant role in the reconfiguration of the film’s 

stacking and are probably moving through the film in a sliding fashion along 

(0001) vdW planes while doing so. Performing vertical line-scans along such bi-

layer defects, as shown in Figure 5.2 (b), nevertheless indicates that mainly Sb 

rather than Ge is present near the vdW gap (see Section 2.2.3 for more details). 

Note that, since within such vdW layers Te is alternated with Ge/Sb, the atomic 

species along such a defect have to switch their stacking sequence. As it is always Te 

followed by Sb-rich planes which are directly adjacent to the vdW gaps due to 

valence requirements,17 the Sb and Te planes must flip their position. Also, the bi-

layer defects at the edges of the reconfiguration planes appear to be well defined 

when looking along the [11-20] zone axis of the film, but due to different 

orientation possibilities of this direction some defects seem to stretch out over large 

parts of the film due to one specific projection. These bi-layer defects are not only 

limited to multilayer systems, but are also frequently observed in bulk GST,20 where 
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they may act as a possible source of electronic scattering, reducing the mobility 

compared with ideally ordered layers. It is worthwhile to note that after 400°C 

annealing the film has totally mixed into stable GST and most of the bi-layer 

defects have disappeared. Therefore, these observations seem to indicate, as also 

supported by the XRD results discussed below, that at 400°C bulk diffusion 

saturates (also because the initial three quintuples acting as seed layers for the 

growth of the SL completely dissolve), whereas at 300°C the reconfiguration is in 

process, as the occurrence of the bi-layer defects is observed in the process of the 

(thermodynamic) reconfiguration of the SL film. 

Quantifying the vdW layer distributions with the analogous procedure used to 

obtain the ones depicted in Figure 5.1 (c), gives the histogram shown in Figure 5.2 

(c). It demonstrates that the Sb2Te3 quintuples, which have formed in the as-

deposited SL due to deposition kinetics, dissolve and disappear after annealing. 

Since the average composition of this film is GST124, it is then expected that more 

7-layers will develop in accordance with the homologous GeTe-Sb2Te3 structural 

model of GST. This indeed is the case, but surprisingly, also the 9-layered system 

(seemingly GST225) is growing upon annealing. These findings are further 

corroborated on a larger scale by XRD in Figure 5.2 (d), where the overall 

distribution can also be observed in the relative intensity of the XRD features 

indicated by vertical lines. The persistence of the satellite peak even after annealing 

at 300°C shows that mixing is limited to the interfaces. At 400°C however this peak 

disappears, signaling that the nominal SL structure is lost to the complete mixing 

of the SL. The shift in the Te(222) peak can also be explained by the collapse of 

vacancy layers into tighter vdW gaps, reducing the Te-Te distance locally between 

the vdW blocks, and dragging down the average Te-Te distance as measured by 

XRD. 



5.2 Results and Discussion 

97 

 

Figure 5.2: HAADF-STEM and XRD of SL1 after annealing. (a) Overview micrograph of SL1 after 

300°C annealing. The orange arrows indicate the occurrence of bi-layer layer defects. Scale bar: 5 

nm; (b) Close-up and intensity linescans of the bi-layer layer defects. The scans show that, directly 

after Te, Sb is most prevalent near the defects. Scale bar: 2 nm; (c) Distributions of 5-, …, 17-layered 

vdW systems for SL1 after different annealing temperatures, derived from the analysis of HAADF-

STEM images; (d) XRD symmetric ω-2θ scans of SL1 after different annealing temperatures. The Qz 

positions for 5-, …, 11-layer ordering is indicated by vertical lines. 

These results thus clearly and quantitatively illustrate the mixing of 

GeTe/Sb2Te3 encountered in epitaxial SL films. The vdW layer distribution 

extracted from different HAADF-STEM micrographs shows that a wide range of 

vdW blocks is formed during such depositions, which is also evidenced by the wide 

range of vdW layer reflections in XRD. So a good agreement is achieved between 

small-scale STEM and large-scale XRD and TEM-EDX measurements. The results 
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of SL2, grown by a modified slow-growth method, show that the film indeed has a 

better SL structure and is more ordered compared to SL1, but that this is 

insufficient to suppress the strong tendency to mix GeTe and Sb2Te3. Still, a large 

fraction of the Sb2Te3 5-layers have reconfigured into 7-layers, almost similarly for 

SL1 and SL2 as seen from XRD. To identify the driving force for this mixing, it is 

interesting to note that ab-initio studies by Da Silva et al. indicate positive 

formation energies for GST formation out of separate GeTe and Sb2Te3, implying 

that the trigonal GST phases are less stable than the separate binary compounds.16 

Similarly Zhang et al. have calculated that the pure atomic-plane model by Kooi et 

al. are lower in energy than when small amount of mixing is introduced in the 

cation layers.26 Therefore the driving force for mixing in GST must be strongly 

driven by configurational entropy S, while the bonding is dominated by formation 

energies E (and the actual overall driving force is the Helmholtz free energy F = E – 

T S). This illustrates the thermal balance which has to be maintained during SL 

growth in the epitaxial regime and it is questionable whether it is possible to 

sufficiently isolate GeTe from Sb2Te3 5-layers. 

The effect of entropy is even more so demonstrated by the annealing 

experiments on SL1, where two additional phenomena are observed: 

First, the vdW gaps formed during SL deposition are not fixed at a specific 

height in the SL, but can redistribute themselves within the film, implying that they 

are mobile. This process is correlated with the (out-of-plane) Ge diffusion, where 

the vdW gaps including Sb-rich planes reconfigure through bi-layer defects in-

between the different vdW stacks. The overarching (thermodynamic) driving force 

for these processes is the reconfiguration of the initial SL into GST (with perfect c-

axis alignment out-of-plane). Then, the vdW gap reconfiguration is inferred to 

happen due to Ge mobility36 and due to the valence requirement of –Te–Sb–Te 

next to the vdW gap,17 since Sb has one extra valence electron compared to Ge 

which is used in the formation of the vdW bond. As the temperature was 

insufficiently high to randomize the ordered vacancies, the mechanism of the bi-

layer defects movement at the edges of the reconfiguration planes could be as 

suggested by Yu et al.37,38 These sliding line-defects, which are probably oriented 
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along the [11-20] close-packed directions and slide on (0001) vdW gaps, require a 

substantial amount of vacancies in the lattice. However, more research is needed to 

find out their exact structure and mechanism of movement and whether it is “over-

head” or “snake-like”.37,38 Still, by the sliding of these line-defects parallel to the 

(0001) planes the vdW gaps move along the z-direction and can thus in a collective 

process not only reposition the vdW gap, but also reposition the Sb-rich planes 

which are both required to allow the correlated process of Ge diffusion. 

Second, it is shown that SL1 forms a substantial amount of 9-layers, seemingly 

GST225, while it is known from TEM-EDX that the actual composition is GST124. 

This is another indication that random vacancies form in the GST layers and are 

also adding entropy (an estimated 3%  vacancies on the cation sublattice, in this 

case from the fact that the composition is GST124 and ~2/3 of 7-layers and ~1/3 of 

9-layers are observed in Figure 5.2 (c)). Although the present results are a strong 

indication (but not a proof) of these effects, it is known from previous work by Jung 

et al. on the isoelectronic GeBiTe (GBT) that vdW gaps can completely dissolve if 

either the Bi concentration is too dilute or the annealing temperature is sufficiently 

high.39 E.g. the trigonal Ge3Bi2Te6 phase is shown to reconfigure again to the (more 

disordered) rocksalt phase at 400°C. Due to the formation of random vacancies in 

GST and GBT, this implies that the homologous (GeTe)m-(Sb2Te3)n structural 

models are not always accurate as they omit the contribution of random vacancies. 

This is why GST in practical conditions is always found with disorder on the cation 

lattice and in vdW layer distribution.7,9–12,19–23,33 

5.3 Conclusions 

In conclusion, quantitative analysis of HAADF-STEM images shows that initial as-

deposited GeTe-Sb2Te3 SL are actually composed of Sb2Te3 and GST layers, in this 

case varying from 5-layers with a peak at 11-layers up to rare occasions of vdW 

stacks with 17-layers. Upon annealing the as-deposited films up to 400°C it is 

shown that this vdW stack distribution gradually narrows down to a combination of 

7 layer stacks (seemingly GST124) and a substantial fraction of 9 layer stacks 

(seemingly GST225), although the average composition is close to GST124. The 
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results thus illustrate the interplay of bonding and disorder encountered in the 

development of GeTe-Sb2Te3 SL, but also tuning the structural and thereby 

electronic properties in GST itself. They show that due to practical conditions GST 

is always found in a mixed state with disorder on the cation sublattice and in the 

vdW layer distribution. In addition, it is argued that random vacancies must be 

playing an important role relating to entropy at higher temperatures, which has the 

consequence that the homologous (GeTe)m-(Sb2Te3)n structural models can deviate 

from the actual structure. These finding thus helps to better understand the nature 

and driving forces in PCM during the vacancy ordering and disordering processes. 

5.4 Methods 

The experimental details of MBE growth, annealing, TEM specimen preparation, 

HAADF-STEM, EDX, XRD and XRR are detailed in previous publications.29 To 

prevent preferential evaporation during annealing SL1 is capped with ~10 nm Si3N4 

by sputtering it at room temperature in the load-lock of the MBE system. EDX 

measurements verified that the annealing experiments did not significantly alter 

the overall composition (see Section 5.6.3). SL2 was grown using a modified 

method where growth interruptions were applied to improve the interface 

sharpness between sub-layers. After the deposition of each nominal GeTe or Sb2Te3 

sublayer, the sample is kept at the deposition temperature of 227.5°C and exposed 

to the nominal flux of pure Te for 5 min. After each interruption, the deposition of 

the next sublayer is resumed as in the normal uninterrupted growth. 

HAADF-STEM image analysis was in all cases carried out on raw data and the 

linescans in Figure 5.2 (b) were normalized to the background by dividing them 

with a spline through the Te peaks in the vdW layer. The quantification of the vdW 

layer distribution is done with the aid of GPA34 and manually by analyzing 6.8×103 

nm2, 12.5×103 nm2 and 2.5×103 nm2 HAADF-STEM area for SL1 as-deposited, 

300°C and 400°C annealed specimen and 4.2×103 nm2 area for SL2 as-deposited 

specimen, respectively. For better visibility, HAADF-STEM micrographs shown in 

Figure 5.2 were filtered with the Average Background Subtraction Filter.40 
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5.6 Appendix 

5.6.1 Mapping of vacancy layers and vdW gaps 

To find the positions of vdW gaps the HAADF micrographs were frequently too 

noisy for peak-search algorithms, particularly for large overviews. Many images 

showed e.g. intensity gradients due to thinner and thicker regions of the specimen 

and/or amorphous damage. Geometric Phase Analysis34 (GPA) on the other hand is 

less sensitive to such gradients as it makes use of the periodicity of the lattice with 

its deviation from the average. The resulting phase-maps distinguish inter-planar 

distances with high accuracy35 and analysis could therefore be automated. 

As this method is used for the analysis of multiple micrographs where the 

results should be compared, the input images are systematically rotated and 

calibrated to the same conditions. Then the GPA algorithm is applied and the 

phase-maps are processed by a simple peak-search script (as e.g. implemented in 

MATLAB software). The application of the GPA is done using the FRWR tools 

plugin in GMS, freely available at: 

 

https://www.physik.hu-berlin.de/en/sem/software/software_frwrtools 

 

STEM imaging: For the acquisition of the images the “slow” STEM scanning 

direction was set approximately perpendicular to the substrate-film interface or 

vdW gaps to minimize image-distortions in the [0001] direction of the film, which 

were particularly prevalent for long scans due to drift and/or charging effects 

(Figure 5.3). 

  
Figure 5.3: STEM scanning conditions and directions. 

https://www.physik.hu-berlin.de/en/sem/software/software_frwrtools
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Rotation and/or cropping of images: The average [0001] direction of 

HAADF-STEM micrographs was found manually using FFT of the images. If this 

direction and the y-axis were off by more than 1º, the images were rotated and 

cropped to have the [0001] direction along the y-axis (Figure 5.4). 

  
Figure 5.4: The [0001] direction is located in the FFT (left) and the image is rotated (right). 

 

Calibration: All HAADF-STEM micrographs containing the Si substrate were 

analyzed. The (111) planes were measured along the [111] directions using either (i) 

polynomial fitting of the linescan peaks and/or (ii) the DIFPACK module of Gatan 

Inc.41 Both methods (i) and (ii) gave the same results to within 1% difference. The 

calibration was set such that the Si(111) spacing was 0.3135 nm.42 For images not 

containing the substrate, the calibration was set applying the previously found 

calibration number with the magnification (Figure 5.5). 

  
Figure 5.5: Image calibration was found using the Si(111) spacing. 

 

Application of GPA algorithm: The GPA algorithm was applied on images of 

sufficient quality and resolution using the parameters in Table 5.2: 
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Table 5.2: GPA algorithm parameters 

a* (1/nm) 5.0 

b* (1/nm) 3.2 

gamma (º) ±58.2 

theta (º) +90.0 

resolution (nm) 1.0 

 

Particularly the a* and theta parameters are important while b* and gamma are 

approximate, as the x-direction (parallel to the substrate-film interface) could show 

distortions due to scanning conditions mentioned in “STEM imaging”. This value of 

a* = 5 1/nm specifically maps inter-planar distances between 0.17 nm and 0.25 nm, 

which showed to discriminate sufficiently well between covalent Ge/Sb-Te and 

vdW Te-Te inter-planar distances. For visualization purposes the “temperature” 

color-map in GMS software with [-0.5, 0.5] low-high contrast limits was chosen 

(Figure 5.6). 

  

  
Figure 5.6: GPA analysis is performed using the parameters in Table S1. 

 

Analysis of e_yy phase maps: The e_yy maps from the GPA algorithm were 

cropped to contain the relevant film region and processed using MATLAB software. 
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A script was written to each time take a 1 nm wide vertical linescan and locate the 

position of vdW gaps using a peak-find algorithm throughout the micrograph. A 

histogram was made of the consecutive vdW gap distances using 1.015 nm + 0.356 

nm * n (n = 0, 1, …, 7) equidistant bins (discarding the rest), representing the 

homologous Sb2Te3 block and GeTe block distances,8–11,43,44 respectively (Figure 5.7 

and 5.8). The results of multiple image then comprised the final histogram shown 

in the main text, were the area-weighted averages and standard deviations are 

shown. The areas analyzed for SL1 (as dep., 300 °C annealed and 400 °C annealed) 

and SL2 (as deposited) are 6.8×103 nm2, 12.5×103 nm2 and 2.5×103 nm2 and 

4.2×103 nm2, respectively. 

   
Figure 5.7: The GPA map is analyzed to find the positions of vdW gaps. 

 

Figure 5.8: Histogram resulting from the previous analysis. In this case the result can be directly 

inspected and five vdW slabs are observed. QL are 2/5 slabs and 7-, 11- and 13-layers are 1/5 slabs, as 

is found by the procedure and shown in the histogram. 
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5.6.2 EDX calibration with Sb2Te3 and GeTe films 

The average EDX analyses in this work are obtained in the TEM using both cross-

sectional and plan-view specimen. To test both the precision and accuracy of the 

method, MBE grown Sb2Te3 and GeTe samples from related works are analyzed 

and the results are shown below.45,46 As these binary samples are grown in the 

epitaxial regime, where the composition is shown to be constant and independent 

of deposition temperature,22 these measurements can be used as a reference for the 

SL stoichiometry quantification. For the quantification process the Ge K, Sb L and 

Te L lines are used. For calibration of the energy scale the Cu K peak at ~8 keV is 

used as a reference, which is always present because the specimens contain a brass 

support. 

Figure 5.9 and 5.10 show the spectra obtained for an Sb2Te3 and GeTe cross-

section specimen using a ~50 nm spot, respectively, and Figure 5.11 shows the 

spectra for a GeTe plan-view specimen using a ~10 μm spot from the same GeTe 

sample. Their respective quantification results, using the Cliff-Lorimer method 

without absorption, are shown in Tables 5.3-5.6. Inspecting both at the average 

fitting error and the standard deviation from different positions, it can be 

concluded that the analysis is to within 1 at.% precise for Ge, Sb and Te. In addition 

it can be concluded that the ~50 nm spot did not significantly alter the composition 

of the film and the knock-off damage is below instrumental precision. 

To comment on the accuracy these results are compared with other literature 

studies. Previous chemical analyses using X-Ray Fluorescence (XRF) have shown 

that epitaxial Sb2Te3 indeed grows with 40:60 composition for Sb:Te and epitaxial 

GeTe is a bit off-stoichiometric with 46:54 for Ge:Te.47 While some of the 

theoretical works in the field model GeTe to have a complete NaCl structure, with 

less than 1% Ge vacancies on the cation sublattice,26,27 experimental works suggest 

that crystalline GeTe should be more sparse and contain 8% to 16% Ge vacancies 

on the cation sublattice.48–50 This would suggest a crystalline GeTe stoichiometry 

between 46:54 and 48:52 for Ge:Te. For comparison the Ge vacancy concentration 

on the cation sublattice is calculated additionally in Table 5.6. Thus, it can be 

concluded that the accuracy of GeTe quantification is at ~1 at.% consistent with 
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different experimental results (XRF, EXAFS, XRD and doping methods) and are 

therefore not corrected to match exactly 50:50. 

EDX spectra for MBE grown Sb2Te3 and GeTe 

 
Figure 5.9: EDX spectra of a cross-sectional Sb2Te3 specimen using a ~50 nm spot. 

 
Figure 5.10: EDX spectra of a cross-sectional GeTe specimen using a ~50 nm spot. 

 
Figure 5.11: EDX spectra of a plan-view specimen from the same GeTe sample using a ~10 μm spot. 
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EDX quantification results for MBE grown Sb2Te3 and GeTe 
Table 5.3: EDX quantification results for the spectra in Figure 5.9 

  Sb L err. (at.%) Te L err. (at.%) 

 39.60 0.46 60.40 0.58 

 40.05 0.48 59.95 -0.61 

 40.71 0.34 59.29 0.44 

  41.09 0.56 58.91 0.75 

     Average 40.36 0.46 59.64 0.29 

St. dev. 0.67 0.09 0.67 0.61 

 
Table 5.4: EDX quantification results for the spectra in Figure 5.10 

 Ge K (at.%) err. (at.%) Te L err. (at.%) 

 46.61 0.51 53.39 0.53 

  46.14 0.37 53.86 0.42 

  47.23 0.49 52.76 0.55 

  46.11 0.47 53.90 0.49 

     Average 46.52 0.46 53.48 0.50 

St. dev. 0.52 0.06 0.53 0.06 

 
Table 5.5: EDX quantification results for the spectra in Figure 5.11 

 Ge K (at.%) err. (at.%) Te L err. (at.%) 

 46.34 0.37 53.66 0.38 

 46.97 0.33 53.03 0.34 

 46.40 0.41 53.60 0.41 

 47.26 0.37 52.74 0.37 

     Average 46.74 0.37 53.26 0.38 

St. dev. 0.45 0.03 0.45 0.03 

 
Table 5.6: Summary of EDX quantification results 

  Ge (at.%) Sb (at.%) Te (at.%) Ge vac. (%) 

Sb2Te3 cross-section   39.25±0.45 60.75±0.61   

GeTe cross-section 46.52±0.46   53.48±0.50 13.0±1.2 

GeTe plan-view 46.74±0.37   53.26±0.38 12.2±1.0 
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5.6.3 EDX compositional analysis of SL films 

Table 5.7: SL samples analyzed with EDX 

Sample SL1 

Substrate Si(111)-(√3x√3)R30°-Sb 

Film deposition [Sb2Te3-GeTe]15 (3nm-1nm) 

Cap deposition Si3N4 (10nm) 
 

Sample SL2 

Substrate Si(111)-(√3x√3)R30°-Sb 

Film deposition [Sb2Te3-GeTe]9 (3nm-1nm) 

Cap deposition Sb2Te3 (3nm) 
 

 

Table 5.7 shows the applied growth characteristics of the analyzed SL films. The 

EDX measurements reported in our previous work29 mentioned 15.11±0.36 at.% 

Ge, 27.88±0.74 at.% Sb and 57.01±0.99 at.% Te for SL1, where the error indicates 

the average Cliff-Lorimer (MBTS) fitting error. These results are summarized in 

Figure 5.12 and Table 5.8. It can be concluded that annealing did not significantly 

alter the composition. SL1 was re-analyzed using a ~50 nm spot on a cross-

sectional specimen. The results of these measurements are shown in Figure 5.13 

and Table 5.9. 

Similarly, the SL2 was analyzed using a ~50 nm spot on a cross-section 

specimen and a ~10 μm spot on a plan-view specimen of which the results are 

shown in Figure 5.14 and Table 5.10 and Figure 5.15 and Table 5.11, respectively. It 

can be concluded that the ~50 nm spot did not significantly alter the composition 

of the film and the knock-off damage is below instrumental precision. 

To summarize, the results of the EDX quantification of the SL samples are 

shown in Table 5.12, where the error indicated is the average fitting error of the 

different results. Table 5.13 shows the binary decomposition of GeTe and Sb2Te3 in 

the SL films, while Table 5.14 gives an estimate of vacancies on the cation sublattice 

with respect to a cubic structure and with respect to a complete ordering of vacancy 

layers as in the stable GST models,8–11 respectively. The latter should be interpreted 

with reference to the epitaxial GeTe measurements, which shows ~47:53 ratio for 

Ge:Te or ~12% vacancies. This implies that if this number is more approaching 12% 

from below, more random vacancies have ordered to layers and vdW gaps. The 

results therefore indicate that SL2 has a higher degree of vacancy ordering 

compared with SL1. 
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EDX spectra for SL1 

 

 

Figure 5.12:EDX spectra of the previously reported cross-sectional SL1 specimen using a ~50 nm 

spot.28 

 

 

Figure 5.13: EDX spectra of the re-analyzed cross-sectional SL1 specimen using a ~50 nm spot. 
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EDX quantification results for SL1 
Table 5.8: EDX quantification results for the spectra in Figure 5.12 

  Ge K (at.%) err. (at.%) Sb L (at.%) err. (at.%) Te L (at.%) err. (at.%) 

as dep. 12.32 0.52 28.56 0.82 59.12 1.09 

  13.15 0.44 29.01 1.01 57.83 1.38 

  14.31 0.31 29.23 0.80 56.45 1.00 

  14.97 0.43 29.12 0.74 55.92 0.93 

ann. 250 15.84 0.35 27.94 0.69 56.22 0.94 

  16.93 0.39 28.08 0.64 54.99 0.82 

  20.02 0.29 26.52 0.61 53.47 0.79 

  14.19 0.37 26.68 0.82 59.13 1.13 

ann. 300 14.22 0.36 27.53 0.66 58.25 0.84 

  14.44 0.46 28.39 0.81 57.17 1.03 

  16.48 0.28 27.25 0.57 56.27 0.80 

  14.99 0.29 27.11 0.81 57.90 1.13 

ann. 400 14.97 0.32 28.00 0.83 57.03 1.14 

  14.98 0.31 27.95 0.64 57.07 0.87 

  15.21 0.38 28.13 0.66 56.66 0.84 

  14.74 0.26 26.57 0.77 58.69 1.05 

       Average 15.11 0.36 27.88 0.74 57.01 0.99 

St.dev. 1.72 0.07 0.88 0.11 1.51 0.16 

       Ave. as dep. 13.69 0.43 28.98 0.84 57.33 1.10 

St.dev. as dep 1.18 0.09 0.29 0.12 1.44 0.20 

       Ave. ann. 250 16.75 0.35 27.31 0.69 55.95 0.92 

St.dev. ann. 250 2.46 0.04 0.82 0.09 2.40 0.15 

       Ave. ann. 300 15.03 0.35 27.57 0.71 57.40 0.95 

St.dev. ann. 300 1.02 0.08 0.57 0.12 0.88 0.16 

       Ave. ann. 400 14.98 0.32 27.66 0.73 57.36 0.98 

St.dev. ann. 400 0.19 0.05 0.73 0.09 0.90 0.14 
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Table 5.9: EDX quantification results for the spectra in Figure 5.13 

 

Ge K (at.%) err. (at.%) Sb L err. (at.%) Te L err. (at.%) 

 14.95 0.20 29.54 0.37 55.50 0.48 

 15.17 0.28 29.06 0.51 55.77 0.66 

 14.31 0.19 28.17 0.35 57.52 0.47 

 15.64 0.27 30.10 0.51 54.27 0.65 

  15.03 0.15 28.10 0.29 56.87 0.38 

  15.92 0.33 28.47 0.59 55.60 0.76 

  14.18 0.19 28.14 0.35 57.67 0.46 

  14.16 0.14 27.71 0.26 58.13 0.36 

  14.73 0.14 28.29 0.26 56.99 0.35 

  13.90 0.14 27.98 0.27 58.13 0.36 

       Average 14.80 0.20 28.56 0.38 56.65 0.49 

St. dev. 0.67 0.07 0.76 0.12 1.30 0.15 
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EDX spectra for SL2 

 
Figure 5.14: EDX spectra of the cross-sectional SL2 specimen  using a ~50 nm spot. 

 

 
Figure 5.15: EDX spectra of the plan-view SL2 specimen using a ~10 μm spot. 
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EDX quantification results for SL2 
Table 5.10: EDX quantification results for the spectra in Figure 5.14 

 

Ge K (at.%) err. (at.%) Sb L (at.%) err. (at.%) Te L (at.%) err. (at.%) 

 10.93 0.25 30.54 0.53 58.53 0.67 

 11.31 0.21 30.46 0.45 58.23 0.58 

 10.73 0.26 31.34 0.56 57.93 0.71 

  11.29 0.20 30.38 0.41 58.33 0.53 

       Average 11.07 0.23 30.68 0.49 58.26 0.62 

St. dev. 0.28 0.03 0.44 0.07 0.25 0.08 

 
Table 5.11: EDX quantification results for the spectra in Figure 5.15 

 

Ge K (at.%) err. (at.%) Sb L (at.%) err. (at.%) Te L (at.%) Err. (at.%) 

 11.34 0.12 30.29 0.25 58.37 0.34 

 11.23 0.12 30.53 0.25 58.24 0.33 

 11.19 0.12 30.57 0.25 58.24 0.34 

 11.41 0.12 30.33 0.25 58.26 0.34 

       Average 11.29 0.12 30.43 0.25 58.28 0.34 

St. dev. 0.10 0.00 0.14 0.00 0.06 0.01 
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EDX quantification results summary for SL1 and SL2 
Table 5.12: Summary of EDX quantification results 

   Ge (at.%) Sb (at.%) Te (at.%) 

SL1-1 SL1 cross-section (prev.28) 15.11±0.36 27.88±0.74 57.01±0.99 

SL1-2 SL1 cross-section 14.80±0.20 28.56±0.38 56.65±0.49 

SL2-1 SL2 cross-section 11.07±0.23 30.68±0.49  58.26±0.62 

SL2-2 SL2 plan-view 11.29±0.12 30.43±0.25  58.28±0.34 

 
Table 5.13: Decomposition of the results in GeTe and Sb2Te3 fractions 

SL1-1 Ge K (at.%) err. Sb L (at.%) err. Te L (at.%) err. 

 

Total (at.%) err. 

 15.11 0.36 27.88 0.74 57.01 0.99 

 

100.00   

      27.88 0.74 41.82 1.11 

 

69.70 1.34 

  15.11 0.36     15.19 1.49 

 

30.30 1.49 

          SL1-2 Ge K (at.%) err. Sb L (at.%) err. Te L (at.%) err. 

 

Total (at.%) err. 

 14.80 0.20 28.56 0.38 56.65 0.49 

 

100.00   

      28.56 0.38 42.83 0.56 

 

71.39 0.68 

  14.80 0.20     13.81 0.75 

 

28.61 0.75 

          SL2-1 Ge K (at.%) err. Sb L (at.%) err. Te L (at.%) err. 

 

Total (at.%) err. 

 11.07 0.23 30.68 0.49 58.26 0.62 

 

100.00   

      30.68 0.49 46.02 0.73 

 

76.70 0.88 

  11.07 0.23     12.24 0.96 

 

23.30 0.96 

          SL2-2 Ge K (at.%) err. Sb L (at.%) err. Te L (at.%) err. 

 

Total (at.%) err. 

 11.29 0.12 30.43 0.25 58.28 0.34 

 

100.00   

      30.43 0.25 45.65 0.38 

 

76.08 0.45 

  11.29 0.12     12.63 0.50 

 

23.93 0.50 

 
Table 5.14: % vacancies based on cubic and stable GST models 

 

Metastable approximation 

 

Stable approximation 

  Cation (%) Vac. (%) Err. (at.%)   Cation (%) Vac. (%) Err. (at.%) 

SL1-1 75.4% 24.6% 1.3%   99.5% 0.5% 10.0% 

SL1-2 76.5% 23.5% 0.7%   107.2% -7.2% 6.0% 

SL2-1 71.7% 28.3% 0.8%   90.4% 9.6% 7.3% 

SL2-2 71.6% 28.4% 0.4%   89.4% 10.6% 3.7% 
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5.6.4 X-ray diffraction of as-grown and annealed SL films 

Figure 5.16 and 5.17 show the extended XRD spectra shown in the main text. The 

peaks at Qz = 2.00 Å-1, 4.01 Å-1, and 6.01 Å-1 correspond to Si(111), Si(222) and 

Si(333) reflections, respectively, while the peaks at Qz = 1.8 Å-1, 3.7 Å-1, and 5.5 Å-1 

correspond to the average out-of-plane Te spacing, or Te(111), Te(222) and Te(333) 

reflections. This latter spacing is not at a fixed value and is different for SL1 and 

SL2 and changes its value upon annealing. Figure 5.18 shows a plot of its d-spacing 

for different annealing temperatures. 

 

 
Figure 5.16: Extended XRD θ-2θ scan of SL1 and SL2. 
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Figure 5.17: Extended XRD θ-2θ scan of SL1 after annealing. 

 

 
Figure 5.18: Evolution of the SL1 Te(111) peak after annealing. 
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5.6.5 Summary of EDX and XRD results for SL1 and SL2 

Table 5.15 shows a summary of EDX and XRD results for SL1-1 (previous EDX 

measurements), SL1-2 (new EDX measurements), SL2-1 (cross-sectional EDX 

measurements) and SL2-2 (plan-view EDX measurements). Some remarks: 

 

• SL1-1 and SL1-2, as well as SL2-1 and SL2-2 results are consistent with each 

other. 

• The SL1 results show that annealing did not significantly alter the composition. 

• The SL2 results show that radiation and knock-off damage is limited for the 

applied probe sizes. 

• The XRD and TEM film thicknesses are fully consistent, indicating a high-

quality flat film. 

• XRR is not well suited to distinguish the mixing of the film. Therefore the EDX 

results should be more accurate than XRR results. 

 

Table 5.15: Summary of EDX and XRD results 

  
SL1-1 

   
SL1-2 

  

  
XRD sat. XRR TEM-EDX 

 
XRD sat. XRR TEM-EDX 

Film thickness (nm) 
 

56.6 56.4 57.0 
 

58.1 56.4 57.0 

Bilayer thickness (nm) 
 

3.77 3.76 3.80 
 

3.87 3.76 3.80 

GeTe thickness (nm) 
  

0.95 1.05 
  

0.95 0.96 

Sb2Te3 thickness (nm) 
  

2.81 2.75 
  

2.81 2.84 
 

  

SL2-1 

   

SL2-2 

    

 

XRD sat. XRR TEM-EDX 

 

XRD sat. XRR TEM-EDX 

Film thickness (nm) 

 

45.9 47.0 48.0 

 

45.9 47.0 48.0 

Bilayer thickness (nm) 

 

4.65 4.89 4.92 

 

4.65 4.89 4.92 

GeTe thickness (nm) 

 

  1.52 1.17 

 

  1.52 1.20 

Sb2Te3 thickness (nm) 

 

  3.37 3.75 

 

  3.37 3.72 
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