
 

 

 University of Groningen

Structure and reconfiguration of epitaxial GeTe/Sb2Te3 superlattices
Momand, Jama

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Momand, J. (2017). Structure and reconfiguration of epitaxial GeTe/Sb2Te3 superlattices. [Thesis fully
internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/bc31de31-519b-4472-a25d-444fff03295c


 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Structure and reconfiguration of epitaxial 
GeTe/Sb2Te3 superlattices 

 
 
 

Jam0 Momand 
 
  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Zernike Institute PhD thesis series 2017-25 
ISSN: 1570-1530 
ISBN: 978-94-034-0189-8 (printed version) 
ISBN: 978-94-034-0188-1 (electronic version) 
 
 
The work presented in this thesis was performed in the Nanostructured Materials 
and Interfaces group at the Zernike Institute for Advanced Materials of the 
University of Groningen, The Netherlands. This research was funded by the EU 
within the FP7 project PASTRY (GA 317746). 
 
 
Cover design by Jamo Momand 
Printed by Gildeprint 
 
© Jamo Momand, 2017  



 

 

 
 
 
 
 
 

Structure and reconfiguration of epitaxial 
GeTe/Sb2Te3 superlattices 

 
 
 
 
 
 

PhD thesis 
 
 
 
 

to obtain the degree of PhD at the 
University of Groningen 
on the authority of the 

Rector Magnificus Prof. E. Sterken 
and in accordance with 

the decision by the College of Deans. 
 

This thesis will be defended in public on 
 

Friday 1 December 2017 at 11:00 hours 
 
 
 

by 
 
 
 

Jama Momand 
 

born on 8 June 1988 
in Dushanbe, Tajikistan  



 

Supervisors 
Prof. B.J. Kooi 
Prof. G. Palasantzas 
 
 
Assessment committee 
Prof. B. Noheda 
Prof. T. Banerjee 
Prof. R. Agarwal 
  



 

1 

Contents 

1. General Introduction .................................................................................................. 5 
Abstract ................................................................................................................. 5 
1.1 Phase-change materials .................................................................................. 5 
1.2 Outline of this thesis ...................................................................................... 11 
1.3 References ...................................................................................................... 11 

2. Experimental Methods ............................................................................................. 17 
Abstract ................................................................................................................ 17 
2.1 Electron microscopy ......................................................................................18 

2.1.1 High-Resolution Transmission Electron Microscopy .......................... 22 
2.1.2 Scanning Transmission Electron Microscopy ...................................... 25 

2.2 TEM specimen preparation ......................................................................... 30 
2.2.1 Cross-sectional method used for this thesis ......................................... 33 
2.2.2 Plan-view method used for this thesis .................................................. 41 

2.3 References .................................................................................................... 42 
3. Cross-sectional TEM analysis of MBE grown GeTe-Sb2Te3 
superlattices ..................................................................................................................47 

Abstract ............................................................................................................... 47 
3.1 Introduction .................................................................................................. 48 
3.2 Experiments ................................................................................................. 48 
3.3 Results and Discussion ................................................................................ 48 

3.3.1 GeTe- Sb2Te3 superlattices on Si(111)-(7x7) ......................................... 48 
3.3.2 GeTe-Sb2Te3 superlattices on passivated Si(111) .................................. 51 

3.4 Conclusions .................................................................................................. 55 
3.5 References .................................................................................................... 55 

4. Interface formation of 2D and 3D bonded materials in the 
case of GeTe-Sb2Te3 superlattices .............................................................................. 59 

Abstract ............................................................................................................... 59 
4.1 Introduction .................................................................................................. 60 
4.2 Results .......................................................................................................... 63 

4.2.1 MBE grown superlattices ...................................................................... 63 
4.2.2 PVD grown superlattices ...................................................................... 70 
4.2.3 Surface preparation ............................................................................... 73 



2 

4.3 Discussion ..................................................................................................... 76 
4.4 Conclusions .................................................................................................. 78 
4.5 Methods ........................................................................................................ 78 
4.6 References .................................................................................................... 80 
4.7 Appendix ....................................................................................................... 83 

4.7.1 Average Structural Characterization .................................................... 83 
4.7.2. φ-scans on Sb2Te3(220) ....................................................................... 86 

5. Dynamic reconfiguration of van der Waals gaps within 
GeTe-Sb2Te3 based superlattices ................................................................................ 89 

Abstract ............................................................................................................... 89 
5.1 Introduction .................................................................................................. 90 
5.2 Results and Discussion ................................................................................ 92 
5.3 Conclusions................................................................................................... 99 
5.4 Methods ...................................................................................................... 100 
5.5 References .................................................................................................... 101 
5.6 Appendix ..................................................................................................... 104 

5.6.1 Mapping of vacancy layers and vdW gaps .......................................... 104 
5.6.2 EDX calibration with Sb2Te3 and GeTe films .................................... 108 
5.6.3 EDX compositional analysis of SL films ..............................................111 
5.6.4 X-ray diffraction of as-grown and annealed SL films ........................ 118 
5.6.5 Summary of EDX and XRD results for SL1 and SL2 ......................... 120 

6. Tailoring the epitaxy of Sb2Te3 and GeTe thin films using 
surface passivation ..................................................................................................... 123 

Abstract .............................................................................................................. 123 
6.1 Introduction .................................................................................................124 
6.2 Results and Discussion ............................................................................... 125 
6.3 Conclusions .................................................................................................136 
6.4 Experimental Section .................................................................................. 137 
6.5 References ................................................................................................... 137 

Summary ..................................................................................................................... 141 
Samenvatting .............................................................................................................. 145 
Acknowledgements..................................................................................................... 151 
List of publications ..................................................................................................... 155 
List of presentations at scientific conferences .......................................................... 156 



 

3 

 
  



4 

  



 

5 

Chapter 1* 

General Introduction 

Abstract 

The research presented in this thesis has been performed primarily in the context 

of phase-change materials and phase-change memory applications,† although it 

is certainly relevant for other fields such as thermoelectric materials and 

topological insulators. In this chapter GeSbTe alloys will be discussed as well as 

their crystallographic structures and bonding anisotropy, particularly on the 

GeTe-Sb2Te3 tie-line. Also, epitaxial phase-change materials will be discussed 

briefly. Finally, this chapter finishes with an outline of this thesis and a short 

introduction of the following chapters. 

1.1 Phase-change materials 

Human society has made incredible scientific and technological progress to get to 

the point of modern civilization where it is today. From controlling chemical 

reactions to produce heat and processing minerals and metals to industrialize the 

world, there appears to be no end in sight for this technological boom. One of the 

key drivers for this is realization of new and advanced materials, from steels which 

helped to construct buildings and bridges to semiconductors to develop transistors 

and modern-day electronics. Since Moore’s law is approaching its limits,1 new 

concepts are required for the continuation of this development. Novel electronic 

materials are one of those developments, and they fuel applications such as 

electronic memories which encode information in the material’s phase2 or 

                                                             
* Parts of this chapter are based on excerpts from the publication Momand, J. et al. Atomic stacking 

and van-der-Waals bonding in GeTe–Sb2Te3 superlattices. J. Mater. Res. 31, 3115–3124 (2016). 

† The term “Phase-Change Materials” has also been used in another unrelated context of latent heat 

storage, which should not be confused with the memory application described here. 
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thermoelectric devices which manage heat and generate power from it.3 Ultimately, 

this scientific endeavor into matter has led to discoveries of new phases of 

materials, such as the existence of topological excitations and topological states.4,5 

One of the founding works on the memory behavior using the phases of Te-

based alloys was performed by Stanford R. Ovshinsky when he discovered the 

electrical switching phenomena in these alloys.6 In the late sixties he described in 

his seminal paper a rapid and reversible transition between highly resistive and 

conductive states of a 0.5 μm thick Ge10Si12As30Te48 film which was affected by an 

electric field. What happened was that the initially resistive amorphous 

semiconductor switched after the application of a sufficiently large voltage, the 

threshold voltage, to a conductive state. This state is then preserved above a 

sufficiently high current, the hold current, but it switches back to the resistive state 

as soon as the current falls below this hold value. Although at that time the 

switching mechanism was unclear, Ovshinsky described this behavior in terms of 

amorphous semiconductor theory. He postulated that the traps in the bandgap of 

the material would be occupied and ionized under the influence of the field, which 

would be followed by an increase of carrier concentration along a formed filament, 

explaining the change in resistivity. Interestingly, he mentions in the last paragraph 

of this paper that by decreasing the As content to 5% the conductive state would be 

preserved, even when the current would be completely removed. These basic 

phenomena and concepts were the first steps into what later evolved into what is 

nowadays referred to as the field of Phase-Change Memories and Phase-Change 

Materials (PCM). 

The material described by Ovshinsky was actually switching between the 

resistive amorphous and conductive crystalline states.2 The described properties, 

including rapid and reversible switching, high conductivity contrast, as well as 

stability, are the trademarks of PCM for rewritable data storage.7,8 Nowadays, PCM 

are successfully implemented in rewritable optical disks such as CD, DVD and Blu-

Ray and currently, after renewed interest, under intense investigation for electronic 

memories.7,9 Although the current memory market is particularly driven by slow 

and non-volatile Flash storage and fast and volatile DRAM, PCM could offer an 

intermediate solution in terms of a relatively fast non-volatile universal memory 
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technology,10 with switching speed and scalability records up to 500 ps and down to 

2 nm, respectively.11,12 Particularly materials lying on the ternary GeSbTe (GST) 

phase-diagram were found to be optimal for such applications, see Figure 1.1, 

where the alloys on the GeTe-Sb2Te3 tie-line are characterized as nucleation-

dominated and Ge-doped Sb2Te and Ge0-15Sb100-85 as growth-dominated 

crystallizers. More recently other PCM applications are emerging such as multi-

level photonic memories13,14 and nanoscale display and data visualization.15,16 These 

developments pave way to new and futuristic technologies such as smart glasses, 

smart contact lenses and artificial retina devices. 

 

Figure 1.1: The ternary phase-diagram of GST. The figure also indicates the rewritable optical disks 

applications. Adapted from Wuttig and Yamada.2 

To better understand the properties and resistance-switching mechanisms of 

GST PCM, particularly for materials on the GeTe-Sb2Te3 tie-line, it is necessary to 

study the crystalline structure and bonding anisotropy of the ternary as well as the 

separate binary compounds. Figure 1.2 (a)-(c) show the structural models of 

crystalline GeTe, Sb2Te3 and the stable phase of Ge2Sb2Te5 (s-Ge2Sb2Te5) according 

to Goldak et al.17, Anderson et al.18 and Kooi et al.19, respectively. As can be seen in 

the figures, all structures are based on consecutive abc-stacking of close-packed 

atomic planes. Within this simplified picture, GeTe is a three-dimensionally (3D) 

bonded solid which has approximately a rocksalt structure that is rhombohedrally 

and ferroelectrically distorted along one of the four <111> directions (c > a√6 and z 



1. General Introduction 

8 

= 0.237, where c = a√6 and z = 0.250 for the rocksalt structure).20 Sb2Te3 on the 

other hand has an additional feature of directly adjacent Te-Te planes stacked upon 

each other, which breaks the rocksalt symmetry by breaking the super-ABC 

stacking of the Te planes. This happens since Sb has (compared to Ge) one extra 

valence electron, and because of this the bonds on the outer Te planes are 

passivated and form two-dimensional (2D) van der Waals (vdW) bonds.21,22 This 

type of vdW bond, which also occurs in e.g. graphene-based materials and 

transition-metal di-chalcogenides,23,24 is referred to as vdW gap. Note that, 

although Sb2Te3 has certainly a more 2D than 3D anisotropy, the Te-Te bond does 

not necessarily have to be of pure vdW type (e.g. the Te-Te interatomic distance is a 

bit smaller than what would be expected based on the vdW radius).25–27 

Considering the above, the model for s-Ge2Sb2Te5 by Kooi et al. takes into account 

this 3D and 2D character of GeTe and Sb2Te3, respectively, and fits best to 

experimental electron diffraction results when assuming pure atomic-plane 

models.19 
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Figure 1.2: Structural models for crystalline phases of GeSbTe, displayed along hexagonal axes (a-

axis horizontal and c-axis vertical). The unit cells are indicated with thin solid lines.  (a) GeTe. (b) 

Sb2Te3. (c) Stable phase of Ge2Sb2Te5 (s-Ge2Sb2Te5). (d) Metastable phase of GeSbTe (m-GeSbTe) with 

comparison of vacancy layers and vdW gaps. (d) Switching models using single or double Ge umbrella 

flip28,29. Note that the switch between the different structures cannot only result from a vertical motion, 

since this would disagree with the abc-stacking.30 

When GeSbTe crystalizes from the amorphous phase, it initially forms a 

metastable rocksalt structure (m-GeSbTe), where one sublattice is fully occupied 

with Te and the other sublattice is randomly occupied by Ge, Sb and a large amount 
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of stoichiometric vacancies (~20% for Ge2Sb2Te5),31,32 see Figure 1.2 (d). To make 

the transition from m-GeSbTe to s-GeSbTe it has been suggested that the 

mechanism involves atomic diffusion of Ge and Sb in such a way that the vacancies 

order in layers and consequently collapse into vdW gaps.25,33 Note particularly the 

difference in stacking between vacancy layers and vdW gaps in Figure 1.2 (d). An 

appreciable amount of disorder on the Ge/Sb planes nevertheless remains after this 

transition: even though the structure of s-GeSbTe best fits the model of Kooi et al. 

with Sb-Te directly at the vdW gaps, it was found by Matsunaga et al. using 

Rietveld refinement on XRD spectra that the Ge-rich planes are mixed with Sb and 

Sb-rich planes with Ge.25–27 In later ab-initio studies relating to the ordering of 

vacancies it was indeed found that the pure atomic-plane model by Kooi et al. gives 

the lowest formation energy (at zero Kelvin), but that mixing only slightly increases 

this energy.34 Therefore, due to this low energy increase and the free energy 

decrease due to configurational entropy, which becomes increasingly relevant at 

higher temperatures, the stable phase of bulk GeSbTe is always found with some 

degree of mixing on the Ge/Sb atomic planes (at practical temperatures particularly 

dictated by production), but with the Sb-rich planes nearest to the vdW gaps. 

One of the bottlenecks for PCM technology is the large programming currents 

required to switch the material from the crystalline to the amorphous phase. 

Several mechanisms have been proposed to reduce the programming current 

including engineering the dimensions of the crystals using e.g. nanowires, 

nanogaps and nanoparticles,35–37 defect engineering38,39 and straining the crystal to 

a higher energy state.40 The latter idea is probably realized in the recently proposed 

nanostructured PCM using GeTe-Sb2Te3 multi-layers or superlattices.41–43 This new 

type of memory not only showed improved programming currents, but also better 

performance in terms of switching speed and durability, as well as new magnetic 

functionalities.44–46 For GeTe-Sb2Te3 superlattices the separate binary compounds 

are deposited alternatingly, which hypothetically could produce pure atomic 

planes. In addition, since Sb2Te3 grows in entire 1 nm quintuple layer (QL) 

terraces,47 preferring to form layers with passive vdW surfaces, it was speculated  

that isolated ultra-thin GeTe layers could grow between the vdW surfaces of Sb2Te3. 

In combination with the research on superlattices and understanding of the role of 
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Ge atoms in PCM phase-transitions,48 it was proposed that the superlattice 

resistance-switching is entirely within the crystalline state.49,50 Two alternative 

mechanisms were derived by competing groups based on the Ge-umbrella-flip 

models, illustrated in Figure 1.2 (e). Tominaga et al. proposed a single Ge atomic-

plane flip between the so-called Ferro and inv. Petrov states,28 while Ohyanagi et al. 

proposed a double Ge atomic-plane flip between the so-called Petrov and inv. 

Petrov states.29 In later ab-initio simulations, Yu and Robertson showed that such a 

transition could not result from exclusive vertical motion of Ge atoms and 

suggested detailed pathways for the transition to occur.30 In this thesis, particularly 

Chapters 4 and 5, the structure of GeTe-Sb2Te3 superlattices will be scrutinized also 

to examine whether it is possible to grow pure atomic planes and to trap GeTe 

layers between the vdW surfaces of Sb2Te3 and also to test whether the switching 

mechanisms of Tominaga et al. or Ohyanagi et al. can hold. 

Ge Sb Te(b) (c) (d) (e)  

Figure 1.3: HAADF-STEM results of MBE grown [GeTe(1 nm)-Sb2Te3(3 nm)]15 superlattice on Si(111)-

Sb. Above the intensity scans it is indicated whether the atomic plane is Ge-, Sb- or Te-rich with circles, 

triangles and squares, respectively. (a) Overview image of the superlattice. (b) 5-layers corresponding 

to Sb2Te3. (c) 7-layer. (d) 11-layer. (e) 13-layer. 

The development of superlattice PCM are an inspiration for the research 

presented in this thesis. Together with the development of epitaxial PCM,51 the 

thesis describes the growth and characterization of nanostructured GeTe-Sb2Te3 

superlattices, using particularly Molecular Beam Epitaxy (MBE), sputtering 

Physical Vapor Deposition (PVD) and Transmission Electron Microscopy (TEM). 

Figure 1.3 (a) shows an example of such a heterostructure which has been grown 

epitaxially on Si substrates and Figure 1.3 (b)-(e) shows examples of the detailed 
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atomic stacking sequence analysis. One of the surprising findings in this thesis are 

that these heterostructures are best described as van der Waals heterostructures of 

Sb2Te3 and GST and that the van der Waals gaps trapped in these superlattices are 

mobile and can migrate upon thermal annealing. These findings will be discussed 

in Chapters 4 and 5. 

1.2 Outline of this thesis 

The topic of this thesis is thus the growth and characterization of MBE and PVD 

grown GeTe and Sb2Te3 thin films and GeTe-Sb2Te3 superlattices. All of the studied 

samples were grown on Si substrates with different surfaces due to its ease of use 

and quality of epitaxial films. Chapter 2 discusses elaborately the experimental 

methods and techniques employed for this thesis and gives specific TEM specimen 

preparation recipes. The following chapters can be read independently, where 

Chapter 3 shows the first TEM analysis results of the initial epitaxial samples 

grown on Si(111). It shows that highly textured GeTe-Sb2Te3 superlattices can be 

successfully grown and characterized. Although these samples have relatively thick 

GeTe and Sb2Te3 sublayer thicknesses, between 3 nm and 12 nm, they were an 

important step for the continued development of superlattice PCM. Chapter 4 then 

shows that thin sublayer GeTe-Sb2Te3 superlattice are successfully grown with 

MBE and PVD. Using TEM characterization it is unambiguously resolved that the 

(at that time) prevailing structural models in the literature were incorrect and a 

new structure for the films was proposed. Chapter 5 discusses then the dynamics of 

the reconfiguration of GeTe-Sb2Te3 films during annealing. It is shown that the van 

der Waals gaps trapped in the structure due to deposition kinetics are actually 

mobile and reconfigure themselves throughout the film. Finally, Chapter 6 analyzes 

the growth of GeTe and Sb2Te3 films on Si(111) and discusses the importance of the 

substrate-film interfacial structure and bonding for epitaxy. 
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Chapter 2‡ 

Experimental Methods 

 

“It is poor comfort to hope that human ingenuity will find ways and 

means of overcoming this [optical resolution] limit.” – Ernst Abbe 

Abstract 

The first part of this chapter treats some of the general aspects of transmission 

electron microscopy which are relevant for the work in this thesis. This includes 

conventional transmission electron microscopy and scanning transmission 

electron microscopy. The second part then continues with specimen preparation, 

which is equally important to obtain useful results and meaningful analyses. In 

the end the specific specimen preparation recipes are outlined, which could be 

used as a reference for future work. 

                                                             
‡ Parts of section 2.1.2 of this chapter have been published in the supplementary information of 

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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2.1 Electron microscopy 

The exciting field of microscopy concerns itself with the study of the micro-world 

and goes back to at least the 17th century.1 Then Antonie van Leeuwenhoek used the 

first optical microscope to study cells and bacteria, achieving a resolution of less 

than 1 μm. The field then further developed and matured, finding the optical 

resolution limit, Abbe’s limit, at the end of the 18th century. This prompted Ernst 

Abbe to complain about this, as written in the beginning of this chapter, and posed 

a fundamental boundary to what could be achieved with optics. However, it was 

discovered by Louis de Broglie, some 20 years after Abbe’s death, that electrons too 

have a wave character. Not much later, March 9th 1931, the first electron 

microscope was designed by Ernst Ruska and it was first used in the paper of him 

together with Knoll in 1932.2,3 In the same year the optical resolution limit was 

surpassed and it was this development of the electron microscope for which Ruska 

received a Nobel prize in 1986. 

 

Figure 2.1: Interaction of a high-energy electron beam with matter. The directions shown for each 

signal are schematically drawn and do not always represent the physical direction of the signal. 

Adapted from Williams and Carter.2 

Nowadays high-energy electron techniques are of paramount importance for 

materials characterization. Figure 2.1 shows schematically the type of interactions 

high-kV electron beams have with matter. When high-energy electrons travel 

through a crystal, they respond to the crystal potential. Due to potential differences 

they acquire a shift in their phase in the direct beam, which can be used for phase-

contrast imaging. The electrons can also scatter and diffract due to the periodicity 
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of the crystal, leading to elastically and inelastically scattered beams which may be 

used for diffraction or SE, BSE and diffraction contrast imaging. The beam can also 

knock-off the atomic inner-shell electrons, of which the fall back of higher-shell 

electrons gives rise to element specific characteristic X-rays and Auger processes. If 

the electrons are decelerated by the potential, this gives rise to “bremsstrahlung” or 

X-rays, which is typically a background signal in X-ray spectra. These and many 

other interactions, like excitonic or plasmonic excitations, lead to characterization 

techniques in the list below: 
 

• Bright-Field/Dark-Field (BF/DF) Transmission Electron Microscopy (TEM) 

• Scanning Transmission Electron Microscopy (STEM) 

• Selected Area Electron Diffraction (SAED) 

• Energy Dispersive X-ray spectroscopy (EDXS)  

• Electron Energy Loss Spectroscopy (EELS) 

• SE/BSE Scanning Electron Microscopy (SEM) 

• Auger Electron Spectroscopy (AES) 
 

Typically many techniques can be combined in one instrument, such as 

TEM/STEM/SAED/EDXS/EELS in one TEM. 

(B)(A)
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Figure 2.2: Comparison of the important beam-convergence and divergence angles (A) in TEM and 

(B) in STEM. Adapted from Williams and Carter.2 

This thesis depends particularly on TEM and STEM characterization, with 

occasionally using SAED and EDXS. Figure 2.2 shows a schematic of both 
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techniques, where the primary difference is that in TEM, Figure 2.2 (A), the image 

is formed by an incident parallel beam, while for STEM, Figure 2.2 (B), the image is 

formed by scanning a small probe over the specimen and collecting the scattered 

electrons. Modern TEM and STEM instruments could have additional image and 

probe correctors, but these will not be treated here. 

The fundamental limit of microscopy resolution δth, which is usually defined as 

the ability to resolve two separate points of an object that are located at a small 

angular distance from each other, is given by Equations 2.1.a and 2.1.b, where λ and 

β are the wavelength and collection semi-angle, respectively.2 

 

𝛿𝛿𝑡𝑡ℎ =
0.61𝜆𝜆
sin𝛽𝛽

 (2.1.a) 

𝛿𝛿𝑡𝑡ℎ ≈
0.61𝜆𝜆
𝛽𝛽

 𝑓𝑓𝑓𝑓𝑓𝑓 𝛽𝛽 ≪ 1 

𝛿𝛿𝑡𝑡ℎ ≈ 0.61𝜆𝜆 𝑓𝑓𝑓𝑓𝑓𝑓 𝛽𝛽 ≈
𝜋𝜋
2

 
(2.1.b) 

 

For optical microscopy Equation 2.1.b typically gives a resolution δth ~ 300 nm 

for green λ ~ 500 nm light. This would be better for higher energy photons, but the 

problem is that it is not possible to produce X-ray lenses. For electrons, however, 

the wavelength λ is much shorter and can be calculated by the relation given in 

Equation 2.2. Here, h is Planck’s constant, m0 is the electron rest mass, e the 

electron charge, c the speed of light and V the accelerating voltage. These are the 

relativistic and classical expressions, respectively, and they are plotted in Figure 

2.3. It can be read of that the classical and relativistic expressions for the 

wavelength λ differ no more than an order of magnitude for V < 100 MV, so that 

typically the classical expression can be used. For typical S/TEM instruments the 

accelerating voltage V is around 200 kV, giving λ ~ 2.5 pm, which is five orders of 

magnitude lower than for visible light. Therefore, with sufficient engineering, 

electrons could ideally be used to study the real-space atomic structure of 

materials, which require δ ~ 0.3 nm. In the literature one can find examples of 

modern instruments where single C atoms can be resolved in free-standing 

graphene4 or H atomic columns in yttrium hydride.5 
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𝜆𝜆 =
ℎ

�2𝑚𝑚0𝑒𝑒𝑒𝑒(1 + 𝑒𝑒𝑒𝑒
2𝑚𝑚0𝑐𝑐2

)
≈
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�2𝑚𝑚0𝑒𝑒𝑒𝑒
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Figure 2.3: Electron wavelength λ versus the accelerating voltage V. It can be seen that until 108 eV 

or 100 MeV the classical and relativistic expressions for λ differ no more than one order of magnitude. 

Unlike for optical lenses, where the quality can be made to such an extent that 

their resolution is limited by Equation 2.1, electron lenses are rather limited by 

imperfections which yield spherical (Cs) and chromatic (Cc) aberrations.2 Equation 

2.3 gives the resolution limitation due to this spherical aberration Cs, which has 

typical dimensions of 1 mm for e.g. JEOL 2010 or 2010F, which are used for parts 

of this thesis. The second term added is the effect of defocus, which is the deviation 

of the focus setting from the ideal focus Δf = f – f0. 

 

𝛿𝛿𝐶𝐶𝐶𝐶 = Cs𝛽𝛽3 + ∆𝑓𝑓𝛽𝛽 (2.3) 

 

To give an estimate of the conditions for the best resolution δ, one could assume 

that δth and δCs are independent and minimize δ2 = (δth)2 + (δCs)2 at zero defocus Δf, 

which leads to Equation 2.4. 

𝛽𝛽 = 0.77 𝐶𝐶𝐶𝐶
−1/4𝜆𝜆1/4 

𝛿𝛿 = 0.91 𝐶𝐶𝐶𝐶
1/4𝜆𝜆3/4 

(2.4) 
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This gives β ~ 5.5 mrad and δ ~ 0.32 nm for a TEM operated at 200 kV and a Cs 

of 1 mm. Sometimes for simplicity Equations 2.1 and 2.3 are just equated with each 

other δth = δCs, which results in Equation 2.5. 

 

𝛽𝛽 = 0.88 𝐶𝐶𝐶𝐶
−1/4𝜆𝜆1/4 

𝛿𝛿 = 0.69 𝐶𝐶𝐶𝐶
1/4𝜆𝜆3/4 

(2.5) 

 

This gives β ~ 6.3 mrad and δ ~ 0.24 nm for a TEM operated at 200 kV and a Cs 

of 1 mm. Both Equations 2.4 and 2.5 give slightly higher point-resolution values 

than provided by the manufacturer of the JEOL 2010 and 2010F microscopes, δ ~ 

0.23 nm, but they are good estimates. 

For objects much larger than this resolution limit, the contrast formation is 

typically due to scattering of electrons and interpretation is straightforward. 

However, images near the resolution of the microscope are formed by phase 

contrast and simulation may be necessary. This will be discussed in the next 

section. 

2.1.1 High-Resolution Transmission Electron Microscopy 

The previous approximations of the resolution give a general indication of the 

possibility to resolve details in a material. But to further understand the image 

formation mechanism in TEM there are the general problems that (i) the lens 

system is not perfect and has a finite size and (ii) the exact atomic potential and 

bonding of the studied material is not known. Nevertheless, to understand the 

signals which are generated in the instrument, the study of contrast formation 

mechanisms is described by the information theory for high-resolution TEM 

(HRTEM).2 Here, the process of TEM analysis is described by linear signal theory, 

which is justified due to the linearity of the Schrödinger equation. The image 

function g(r) is formed by a convolution of the TEM’s Contrast Transfer Function 

(CTF) h(r) and the specimen transmission function f(r), see Equation 2.7, Since the 

convolution is a multiplication in Fourier space, the image function G(u) can be 

written as a multiplication of F(u) and H(u). 
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𝑔𝑔(𝑓𝑓) = 𝑓𝑓(𝒓𝒓)⨂ℎ(𝒓𝒓 − 𝒓𝒓′) 

𝐺𝐺(𝒖𝒖) = 𝐹𝐹(𝒖𝒖)𝐻𝐻(𝒖𝒖) 
(2.7) 

 

If the specimen is very thin the contrast formation can be described in the so 

called Weak Phase Object approximation. Then the CTF is given by the sine of the 

phase-distortion function χ(u), the 2π/λ integrated Equation 2.3 where β = λ u, as 

shown by Equations 2.8 and 2.9. Figure 2.4 shows the CTF H(u) for V = 200 kV 

and Cs = 1 mm using different Δf. 

 

𝜒𝜒(𝒖𝒖) = 𝜋𝜋 Δ𝑓𝑓 𝜆𝜆 𝑢𝑢2 +
𝜋𝜋
2
𝐶𝐶𝐶𝐶𝜆𝜆3𝑢𝑢4 (2.8) 

𝐻𝐻(𝒖𝒖)~ sin(𝜒𝜒(𝒖𝒖)) = sin(𝜋𝜋 Δ𝑓𝑓 𝜆𝜆 𝑢𝑢2 +
𝜋𝜋
2
𝐶𝐶𝐶𝐶𝜆𝜆3𝑢𝑢4) (2.9) 
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Figure 2.4: Plots of the CTF H(u) for a 200 kV TEM with Cs = 1 mm. Different Δf are used as 

indicated above the plots. The black arrow indicates the first zero with corresponding real-space 

value. 
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What can be extracted from this is that the high-resolution contrast formation 

mechanism in conventional HRTEM is formed by phase-contrast, while this does 

not play a role for objects much larger than the resolution limit. This is due to the 

relative shift of the phases of the electrons as they pass through the material. Also, 

when H(u) is negative, positive phase contrast results, meaning that atoms appear 

dark against a bright background, and vice versa (assuming positive Cs). Hence, 

since the CTF is oscillating through positive and negative values as the focus is 

changed, phase-contrast can enhance or hide certain details. This brings a 

tremendous difficulty, and probably one of the biggest challenges, to correctly 

interpret TEM images. Figure 2.5 shows a simulation of  an Sb2Te3 crystal as seen 

in the [11-20] zone axis, where the Sb and Te atoms are indicated by green and blue 

circles, respectively. From this, it is clearly illustrated that (i) the contrast differs for 

different thicknesses and focus values and (ii) the spots in the image do not 

necessarily correspond to atomic positions. 

 

 

Figure 2.5: Simulation of Sb2Te3 in the [11-20] zone axis as seen in a TEM for different thicknesses 

and different defocus values. The Sb and Te atom positions are indicated with green and blue circles, 

respectively. Simulated with MacTempas software package. 
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Two additional comments can be made from the previous discussion: 

First, one could define an optimal point resolution at the defocus value where 

one has a largest area of the transfer function and find the corresponding values of 

defocus and resolution. This was realized by Scherzer and can be done by e.g. 

solving the two equations d χ(u)/du = 0 and χ(u) = - 2π / 3. In addition, by finding 

the numerical value of u at the first zero one arrives at Equation 2.10 for optimal 

defocus and resolution. 

 

Δ𝑓𝑓𝑆𝑆𝑐𝑐ℎ = −�
4
3
𝐶𝐶𝐶𝐶𝜆𝜆 

𝛿𝛿 = 0.65 𝐶𝐶𝐶𝐶
1/4𝜆𝜆3/4 

(2.10) 

 

Using the values V = 200 kV and Cs = 1 mm as before, this gives Δf ~ -58 nm 

and δ ~ 0.23 nm. See also the CTF for the Scherzer defocus in Figure 2.4. Note that 

the estimations for the resolution from Equations 2.4, 2.5 and 2.10 are actually 

quite close. 

Second, Figure 2.4 gives the impression that the CTF has a nonzero value for 

higher u and keeps oscillating. By recording data at multiple defocus values Δf one 

could retrieve information at values lower than the optimal resolution. However, in 

practice there is a cutoff for H(u) which is due to e.g. chromatic aberrations, source 

spread of angles, specimen drift, specimen vibration, detector limitations and 

objective aperture. This value lies typically further than the optimal point 

resolution δp and defines the information limit of the microscope. E.g. the JEOL 

2010F which was used for parts of this thesis has a point resolution δp ~ 0.23 nm, 

but an information limit δinf ~ 0.11 nm. 

2.1.2 Scanning Transmission Electron Microscopy 

Nowadays modern TEMs are also equipped with STEM possibilities, where instead 

of using a wide parallel beam to record images, a small probe is scanned over the 

specimen. The transmitted and scattered electrons are then collected for different 

regions and mapped to form the micrograph. Figure 2.6 shows a schematic of the 

different STEM detectors, where the BF detector captures the transmitted electrons 
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while the Annular Dark-Field (ADF) and High-Angle Annular Dark Field (HAADF) 

detectors capture the electrons scattered at higher angles. 

 

 

Figure 2.6: Schematic of electron detectors in STEM mode. The approximate collection angles θ are 

also indicated in the image. Adapted from Williams and Carter.2 

Compared with TEM, STEM has many advantages. Even though the image 

formation mechanism for BF STEM is the same as for BF TEM, letting one of the 

giants in the field David Muller to call it “fake TEM”, energy losses in the sample do 

not contribute to chromatic aberrations.6  Therefore it becomes easier to resolve 

relatively thick specimen using STEM than TEM. Also, the electrons captured at 

higher angles like in ADF and HAADF become progressively more incoherent. This 

has a great advantage for interpretation, as phase-contrast does not enhance or 

hide details depending on the focus settings, as described in the previous section. 

Figure 2.7 (A) and (B) show the phase and amplitude CTF, respectively, as adapted 

from a presentation of David Muller. What can be observed from Figure 2.7 (A) is 

that for collecting angles < 10 mrad phase-contrast plays a significant role in the 

image formation. For higher angles the signal progressively attenuates till no 

phase-contrast is observed anymore after > 10 mrad. The amplitude contrast in 

Figure 2.7 (B) then shows that for higher collection angles > 10 mrad contrast 

reversals are removed and the resolution is increased, which has to do with the fact 

that the captured electrons are incoherent. Hence, STEM has the advantage of 
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easier imaging of thicker specimen and easier interpretation due to incoherent 

imaging. 
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Figure 2.7: (A) Phase and (B) amplitude CTF for 10.5 mrad objective aperture, V = 200 kV and Cs = 1 

mm at Scherzer defocus for different collection angles. Note that for angles > 10 mrad phase contrast 

disappears and mainly amplitude contrast contributes to the image. Adapted from a Cornell 

University 2006 Electron Microscopy Summer School presentation of David A. Muller.6 
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To give an example of how such interpretation is done for this thesis, see Figure 

2.8 of a GeTe/Sb2Te3 heterostructure as studied in Chapter 4 of this thesis. Since 

the metastable and stable crystalline phases of GST have been widely studied using 

different experimental techniques including X-Ray Diffraction (XRD)7–12 and 

(Scanning) Transmission Electron Microscopy ((S)TEM)13–18, one can make some 

assumptions about its structure: 

 

• Metastable GST has a distorted rocksalt structure where the anion lattice is 

fully ( = 1) occupied by Te and the cation lattice is randomly occupied by 

Ge/Sb/vacancies. 

• Stable GST is similar with the major differences that van der Waals (vdW) 

gaps have formed, containing adjacent Te-Te atomic planes in its stacking, 

and the distribution of Ge/Sb is such that the Sb-richer planes are closer to 

vdW gaps and Ge richer planes are at the centers of the blocks. 

• Anti-site disorder is not significant in the stable phase of GST. 

• The HAADF intensity scales approximately between Z1.7 and Z2. 

 

Using these structural properties, HAADF-STEM micrographs of GST phases 

can qualitatively be interpreted without ambiguity, as for example shown in Figure 

2.8 below. 

 

  
Figure 2.8: Interpretation of HAADF-STEM micrographs (left) using intensity linescans (right). 
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1. The atomic planes next to the vdW gaps, as well as every alternate anion 

atomic plane in the growth direction, must be close to pure Te planes (see 

black arrows). Note that the intensity is not fully homogeneous across the 

image. This is a specimen preparation artifact which can be due to specimen 

thickness variation and/or amorphous damage variation. 

2. Adjacent to the Te must be Ge/Sb planes. Since the HAADF intensity scales 

with ~Z2, where ZGe = 32, ZSb = 51 and ZTe = 52, the other planes with 

intensities close to Te must be close to pure Sb (see purple arrows). 

3. Due to deposition kinetics of superlattices the atomic planes with lowest 

intensities must be close to pure Ge (see red arrows). 

4. The planes with intermediate intensities therefore must be mixed with 

Ge/Sb (see green arrow). 

 

Looking across the linescan in Figure 2.8 (right) it becomes evident that the first 

vdW block is an Sb2Te3 quintuple layer and the second vdW block a GST 11-layer 

with a stacking sequence closely related to that proposed by Kooi et al. (Te-Sb-Te-

Ge-Te-Ge-Te-Ge-Te-Sb-Te).13 A more quantitative estimation of atomic species in 

GST using HAADF intensities should be done using simulations and can be found 

in other references in the literature.14,16 So, HAADF-STEM is a very powerful 

technique for atomic resolution Z-contrast imaging, but still it will in a standard 

sense provide 2D projected images of 3D structures, although in the projection 

direction the thickness will not exceed a few tens of nanometers. Therefore it is 

important that the TEM specimen is oriented accurately with certain crystal 

directions parallel to the incident electron beams and this can be  facilitated if it is 

possible to prepare the TEM specimen already in a preferred orientation as will be 

explained in more detail in the next section. 
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2.2 TEM specimen preparation 

The preparation or TEM specimen out of material samples is an important and 

crucial task for the electron microscopist. Roughly speaking, the quality of your 

results is equal to the quality of your TEM multiplied by the quality of your 

specimen. So no matter how advanced and expensive your microscope is, without 

good specimen you will not be able to do good TEM analysis. 

The topic of TEM specimen preparation is broad and a lot of documentation 

already exists in the literature, see e.g. Chapter 10 of the book of Williams and 

Carter2 and the references therein. Therefore, in this part of the Experimental 

Methods some of the general techniques of TEM specimen preparation are only 

briefly discussed, after which the specific methods used for this thesis are outlined. 

The primary concern for such specimen in the TEM is that they should be electron-

transparent, but also (preferably) uniformly thin, stable under the electron beam 

and in the laboratory environment, conducting and non-magnetic. This typically 

comes down to specimen with thicknesses of < 100 nm due to the strong 

interaction between electrons and matter. Materials do not behave ideally, and 

generally differently, in this respect and therefore the preparation of good 

specimen is an art in and of itself. 

To make a sample electron transparent and suitable for the TEM one has to thin  

it using mechanical, ion-polishing or chemical etching methods. No need to say 

that this is frequently destroying (a part of) your sample and one has to be sure that 

in the end the specimen is still representative of the original material. One has to be 

aware of possible contaminations and artifacts which can occur and know how to 

avoid it if necessary. Figure 2.9 shows a general flowchart for possible preparation 

procedures, which was adapted from Williams and Carter.2 Even though this chart 

is not complete it may be a good guideline for deciding which recipe you want to 

use. Ultimately the method applied depends on the information you need, time 

constraints, availability of equipment, your skill and the material sample itself. 

Some methods may be more time-consuming than the others, but the results and 

analyses may be worth the time. 

 



2.2 TEM specimen preparation 

31 

 

Figure 2.9: Summary flow chart (incomplete) which can be used for deciding the TEM specimen 

preparation method. Adapted from Williams and Carter.2 

The type of artifacts induced in specimen frequently depends on the preparation 

method, assuming that the thin slice of material is not already reacting under 

ambient conditions when it is thinned down to tens of nanometers. It is known that 

e.g. mechanical preparation methods can induce defects and dislocations due to 

slip of atomic plane and ion-milling can amorphize the polished surface, adding 

undesired amorphous chunks of material to your specimen. A good illustration of 

these latter effects have been discussed by McCaffrey et al.,19 see Figure 2.10. In 

that work it is shown that the surface damage and amorphization becomes 

progressively worse for cleavage, low-angle ion-milling, conventional ion-milling 

and preparation using the Focused Ion Beam (FIB). From this it becomes apparent 

that cleavage may be one of the best techniques for thin slices and this is an 

explanation of McCaffrey’s successful method referred to as the Small Angle 

Cleavage Technique (SACT).20,21 This method works well for semiconductors and 

can be applied to thin films.22 It is not used in this thesis, however, because the 
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studied thin films were layered with weaker planar bonding and could easily 

delaminate from the substrate. 

 

 

Figure 2.10: Surface amorphization of (a) cleavage, (b) low-angle ion-milling, (c) conventional ion-

milling and (d) FIB preparation. Adapted from McCaffrey et al.19 

The FIB provides a high-tech preparation technique which has the advantage of 

being able to very locally, on the micrometer scale, select a desired piece of material 

for further study.23–25 These instruments are very expensive, however, and the 

induced damage may be quite severe, as is shown by Figure 2.10 (d). Many 

examples are known of where the TEM region of interest is completely lost due to 

improper preparation. This even includes some examples within the Zernike 

Institute of Advanced Materials, where e.g. ~10 nm films were undetectable due to 

FIB preparation (not discussed here), which could be due to amorphization damage 

or non-expert usage. A lot of progress has nevertheless been made over the years 

and it is now possible to make a reasonable cross-section sample in the time frame 

of hours, which comes at a price. An additional problem is that most of the FIB 

instruments used for TEM specimen preparation use Ga ions and can contaminate 

parts of your region of interest.19,23,24,26 Therefore, current state of the art FIB 
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specimen are prepared in combination with low-voltage Ar ion-milling to remove 

the amorphous damage and the Ga contaminated regions.27,28 

2.2.1 Cross-sectional method used for this thesis 

This and the next section discuss the specific methods of specimen preparation 

used for this thesis. All of the samples are thin films of GeTe, Sb2Te3 or GST 

superlattices on Si(111) substrates, which are studied in plan-view and cross-

section. The basic methods can be read out from the flow-chart of Figure 2.9. 

 

Figure 2.11: Design of cross-sectional TEM specimen out of thin film samples. The specimen consists 

of the Si substrate, brass tube support and epoxy resin binder. 

The cross-sectional specimen preparation method is similar to the ones used in 

the literature for metallic substrates29 and organic films.30 The consecutive steps for 

this method are listed below. A design of the cross-sectional specimen is shown in 

Figure 2.11. 

 

1. Measuring and logging the physical dimension of the thin film sample. 

2. Cleaving the sample in ~1.5 mm long strips, depending on the thickness. 

3. Gluing the strips to each other using Gatan G1 epoxy resin. 

4. Gluing the scaffold from 3. into 3 mm Ø brass tubes. 

5. Cutting the brass tubes into 0.5 mm thick disks. 
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6. Mechanical grinding of disks till ~100 μm thickness. 

7. Dimple grinding of disks on both sides. 

8. Ar ion-milling till a hole is visible. 

9. Lower voltage ion-polishing. 

 

Step 1 of the list seems to be obvious, but very essential. Here it is necessary to 

inspect the sample to identify the film-side, but also to check if a quick cleaning 

step is necessary (e.g. using acetone and isopropanol). Also, for step 2, the sample 

thickness is an important variable to determine the width of the strips to be cleaved 

or cut. Using the design from Figure 2.11 and denoting l1 as the inner diameter of 

the target tube, the strips should be cleaved with a width x as given simply by 

Equation 2.11. 

 

𝑥𝑥 = �𝑙𝑙12 − 4𝑡𝑡2 (2.11) 

 

In step 2 such strips should preferably be cleave along the Si<1-10> directions, 

because the final specimen will end up in this zone-axis. This has many advantages, 

including being able to resolve the larger Si(111) and Si(200) lattice spacing for 

calibration purposes and, as will be shown in Chapter 6 of this thesis, due to the 

film’s preferred crystallographic matching to this direction. Also, Si cleaves easier 

along <1-10> directions, which is also supported by theoretical literature studies.31 

However, the cleave plane is typically another (111) which is inclined at an angle θ = 

19.47°, as is indicated by the dashed lines in Figure 2.11. Therefore, a certain 

amount of material should be subtracted from the width x to get x’ as given by 

Equation 2.12. Typical sizes are l1 = 2.1 mm and t = 0.5 mm, which gives x = 1.8 mm 

and x’ = 1.5 mm. 

 

𝑥𝑥′ = 𝑥𝑥 − 2𝑡𝑡 tan𝜃𝜃 (2.12) 

 

For step 3 the strips are glued together facing each other with the film side using 

Gatan G1 or G2 epoxy resins. These are specialized resins by the Gatan company, 



2.2 TEM specimen preparation 

35 

which specializes at TEM applications, but also other commercially available resins 

should suffice. The important things to keep in mind are that the cured epoxy 

should have low outgassing properties in the vacuum, good ion-milling properties 

and not react under the influence of the electron beam. E.g. the EPO-TEK 353ND 

resins seems to have quite similar characteristics as Gatan G1 (at a substantially 

lower price). 

For step 4 the scaffold is inserted into a tube after which it is slowly filled with 

the remainder of the epoxy. Note that if the curing should be done at higher 

temperatures, it is more convenient to fill the tube above a hot plate at a higher 

temperature, but not that high that it will be cured immediately. The higher 

temperature has an additional advantage of making the epoxy less viscous. This 

makes it easier to fill the tube from the side and avoid bubbles. 

It is important for the final TEM specimen to have well cured epoxy support for 

specimen stability and contamination purposes inside the TEM. Nevertheless, this 

should be balanced against the other steps. When the tubes are cut into 0.5 mm 

disks, significant damage can be made to the Si substrate due to its brittleness. So, 

sometimes it can be better to cut it when the epoxy is relatively soft. But do not 

forget to finish the curing afterwards, as e.g. shown in Figure 2.12. 

 

 

Figure 2.12: Cut disks out of the brass tube. The epoxy used in this case is Gatan G1, which gets an 

amber color after the cure. As can be seen, the specimen on the left is not cured, while the two on the 

right are cured at progressively higher temperatures. 

In step 5 the tubes are cut into 0.5 mm disks using e.g. a low-speed diamond-

wheel saw (excluding the thickness of the blade). As mentioned before, this step 

can damage the specimen and many precautions should be taken. E.g. softer epoxy, 
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lower cutting speed, lower weight on the blade, liquid cooling, etc. could be used 

and the cut should be performed such that the least amount of thickness is 

penetrated with the blade. This is typically with the cutting blade parallel to the 

glue-line or film-line. Also, a special holder or support for the tube is advisable, 

which makes sure that the cut is homogeneous. For the work in this thesis, special 

graphite holder were designed and made for cutting purposes. 

To start step 6 it is important that the epoxy is cured properly so that it gives a 

good mechanical support for the sample in the brass ring. Then the cut disks are 

grinded from both sides using SiC paper. The rough cutting surfaces from step 5 are 

then polished away by consecutively using 1200, 2400 and 4000 grit paper on both 

sides. For the higher grit papers, 2400 and 4000 grit, isopropanol has been used, 

but other non-reactive liquids could suffice as well. It is tried to remove 

approximately an equal amount of material from both sides, particularly grinding 

in the direction of the glue line. Also, if the Si substrate contained cracks which 

were too severe, another disk is selected. 

Step 7 entails dimple grinding of the t ~ 100 μm TEM disks. This is done to 

further remove material from the substrate to speed up the ion-milling process in 

step 8. Figure 2.13 on the left shows a typical dimple grinder, from the Gatan 

company, and Figure 2.13 on the right the cross-sectional geometry. For the current 

specimen preparation recipe the TEM disks are dimpled from both sides to provide 

a thickness of ~ 20 μm in the center of the disk. In the current geometry, if the 

thickness t = 100 μm, the disk should be dimpled on both sides with a depth d = 40 

μm. Equation 2.13 gives an expression of the maximum dimple depth when one 

wants to avoid grinding the brass ring, which could be used in the design. When the 

dimpling process is finished the specimen should be inspected that it has not 

detached from the brass support. Also, before proceeding with the ion-milling step, 

the specimen should be rinsed with acetone and isopropanol. 
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Figure 2.13: Dimple grinding step. The image on the left shows a typical dimple grinding instrument. 

The schematic on the right shows the cross-sectional geometry of the TEM disk. 

 

𝑑𝑑 =
𝐷𝐷
2

(1 − sin (cos−1
𝑙𝑙1
𝐷𝐷

)) (2.13) 

 

The final steps 8 and 9 are Ar ion-milling and ion-polishing of the specimen to 

obtain a wedge, in which region the specimen is electron transparent. Ion-milling 

has been performed using a Gatan PIPS II instrument shown in Figure 2.14. 

Typical milling angles used are in the order of θ = 6° at an accelerating voltage of V 

= 4 kV till a hole appeared in the specimen. Then fine-polish and remove the 

residual amorphous damage typical step-like programs were run with smaller 

voltages of e.g. V = 3 kV, 2 kV, 1 kV, 0.5 kV, 0.2 kV and 0.1 kV using longer 

polishing times for each consecutive step. The milling and polishing angles should 

not be too low as to prevent shadowing effects from the brass support. If the total 

thickness of the TEM disk is t = 100 μm, Equation 2.14 indicates that the milling 

angle should be at least above θ = 2.7°. 
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Figure 2.14: Ion-milling and ion-polishing. The left shows an image of the Gatan PIPS II ion-mill and 

the right shows a schematic of the cross-sectional TEM disk geometry.  

 

𝜃𝜃 = 𝑡𝑡𝑡𝑡𝑡𝑡−1
𝑡𝑡
𝑙𝑙1

 (2.14) 

 

An important note to mention about the ion-milling process in step 8 is about 

single- and double-sector ion-milling modes, of which the schematics are shown in 

Figure 2.15. This is necessary because the corners of the cross-sectional parts of the 

specimen tend to be sputtered away more easily, resulting in different shapes of the 

final wedges.32 What typically happens for double-sector ion-milling is that the 

wedge becomes actually blunter than the set angle of θ = 6° and that therefore a lot 

of material is redeposited in the region of interest. To prevent this, the procedure 

by Dieterle et al.32 is advisable, in which the specimen is milled in single-sector 

mode thill the milling of the corner is sufficiently progressed and then turned 

around 180° to continue this step. Figures 2.16 and 2.17 show examples of the 

initial holes which were obtained with single-sector and double-sector ion-milling 

as seen in the SEM SE mode, respectively. It can clearly be observed that the holes 

have different geometries. It can also be deduced that the wedge for the double-

sector milled specimen is blunter because the morphology of the region of interest 

is different from the remainder of the overall sputtered surface. Also, even though 

the double-sector specimen seems to be more regular, it is much thicker and 
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typically contains re-deposition of sputtered materials, making it of lesser quality 

for TEM analysis. 

 

Figure 2.15: Side-view and top-view of the double- and single-sector ion-milling geometries. Adapted 

from Dieterle et al.32 

Figure 2.18 on the left then shows the final TEM specimen which results from 

this preparation procedure and on the right a BF TEM overview of the region of 

interest. The thin film of study is seen by the indicated black line. 

  

Figure 2.16: Example of initial hole of a single-sector ion-milled TEM specimen. The left shows an 

SEM micrograph of the entire hole and the right shows a zoom-in of the part with the region of 

interest. The thin film is visible as a bright line between the Si substrate and epoxy and is indicated by 

the red arrow. 
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Figure 2.17: Example of initial hole of a double-sector ion-milled TEM specimen. The left shows an 

SEM micrograph of the entire hole and the right shows a zoom-in of the part with the region of 

interest. The thin film is visible as a bright line between the Si substrate and epoxy and is indicated by 

the red arrow. 

 

  

Figure 2.18: Example of the final TEM cross-sectional specimen in Figure 2.16. The left shows an 

optical micrograph of a 3 mm disk which is ready for TEM analysis and the right shows a BF TEM 

overview of the region of interest. The thin film appears as a dark line 
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2.2.2 Plan-view method used for this thesis  

The plan-view specimen preparation method is a bit simpler and contains fewer 

steps compared with the cross-sectional method. The consecutive steps for the 

plan-view method are listed below. A design of the plan-view specimen is shown in 

Figure 2.19. 

 

1. Measuring and logging the physical dimension of the thin film sample. 

2. Cleaving or cutting the sample in ~ 2 mm × 2 mm strips. 

3. Gluing the strips to Cu rings with round or oval holes. 

4. Mechanical grinding of scaffold till ~100 μm thickness. 

5. Dimple grinding of the scaffold on one side. 

6. Waxing a thin piece of glass to the scaffold. 

7. Ar ion-milling till a hole is visible. 

8. Lower voltage ion-polishing. 

 

 

Figure 2.19: Design of plan-view TEM specimen out of thin film samples. The specimen consists of 

the sample with Si substrate and copper support ring. 

Step 1 and step 2 are similar as for the cross-sectional method described in 

section 2.2.1, only with slightly different dimensions. The specimen is cleaved into 

~ 2 mm × 2 mm strips, taking into account the preferential cleaving directions of 

the Si(111) substrate.31 
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In step 3 a 40 μm thick Cu ring is glued on the film-side of the 2 mm × 2 mm 

strips with the polished side on the film-side. Here, it is important not to spill 

epoxy on the center part of the sample, as this will be the region of interest. In case 

that this is covered with epoxy, it is better to remove it using acetone redo the 

procedure again. Then the specimen is cured in accordance to the description of the 

glue  producer. 

For step 4 the specimen is grinded down to a thickness of ~100 μm thickness. 

This includes the ~40 μm Cu ring, ~10 μm epoxy and ~50 μm sample using 

progressively 1200, 2400 and 4000 grit SiC paper. Also here, for the 2400 and 

4000 grit paper isopropanol is used for better quality polishing. 

In step 5 the specimen is dimpled ~40 μm deep to obtain a thickness of ~10 μm 

in the center of the dimple. Care should be taken in this step, as the specimen 

becomes very thin and can easily break. 

For steps 6 till 8 it is important to cover the film-side with a glass plate using 

wax, in order to prevent material redeposition on the sample of interest that would 

otherwise occur during only top-side milling. Steps 7 and 8 are then quite similar as 

for the cross-sectional method in section 2.2.1, but using only double-sector ion-

milling from the top (the substrate side). The specimen is milled at θ = 6° at V = 4 

kV till a hole is visible and polished using step-wise lower voltages and longer 

milling times. When the specimen is finished, the waxed glass plate is removed 

carefully on the hot plate and rinsed in acetone and isopropanol. To evaporate all 

the liquid the specimen in the end is heated at 100 °C for a couple of minutes. 
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Chapter 3§ 

Cross-sectional TEM analysis of MBE grown GeTe-

Sb2Te3 superlattices 

 

Highly textured GeTe-Sb2Te3 superlattices are grown epitaxially on 

Si(111) and characterized with Transmission Electron Microscopy. 

Abstract 

This work shows the successful growth and characterization of epitaxial GeTe-

Sb2Te3 superlattices on Si(111) by molecular beam epitaxy and cross section 

transmission electron microscopy, respectively. The GeTe or Sb2Te3 sublayer 

thicknesses applied here are relatively thick, between 3 nm and 12 nm, but are an 

important step for the continued development of ~1 nm thinner layer necessary 

for superlattice phase-change memories. Two types of Si(111) surfaces were used, 

the bare (7×7) reconstructed surface and complete Sb-terminated surface. It is 

shown that highly-textured multi-layers can be grown and that compositional 

                                                             
§ This chapter has originally been published as Momand, J. et al. Cross-sectional TEM analysis of MBE 

grown GeTe-Sb2Te3 superlattices. EPCOS proceedings (2015). 
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analysis based on energy dispersive X-ray spectroscopy allows accurate 

quantification of the average GeTe and Sb2Te3 sublayer thicknesses. 

3.1 Introduction 

GeTe-Sb2Te3 superlattices have attracted considerable attention from the phase-

change material community due to their improved and newly acquired properties 

which can be exploited in next-generation non-volatile solid-state memory 

applications.1–4 To grow such multi-layers, it is important to avoid intermixing of 

both binary components, which are captured in the well-known stable phase of 

GeSbTe (GST) alloys.5–8 Thus in this study the focus is on the growth and 

characterization of GeTe-Sb2Te3 superlattices on Si(111) using Molecular Beam 

Epitaxy (MBE) and cross-sectional Transmission Electron Microscopy (TEM). 

3.2 Experiments 

Various GeTe-Sb2Te3 superlattices have been grown on Si(111)-(7x7) and Si(111)-Sb 

using MBE. More details of the growth procedure can be found in previous 

publications.9,10 The multi-layers have been characterized with coherent cross-

sectional TEM and Energy Dispersive X-ray spectroscopy (EDX). The sublayer 

thicknesses were calculated by using the composition, the total film thickness and 

the known GeTe and Sb2Te3 lattice constant in the [111] and [0001] directions, 

respectively.5–8,11,12 

3.3 Results and Discussion 

3.3.1 GeTe- Sb2Te3 superlattices on Si(111)-(7x7) 

The cross-sectional TEM image in Figure 3.1 shows a ~90 nm thick [Sb2Te3-GeTe]10 

superlattice on a Si(111)-(7x7) reconstructed surface. The film and its separate 

Sb2Te3 and GeTe sublayers give clear contrast with respect to the underlying 

substrate and epoxy at the top. The interface between the film and substrate is 

atomically sharp. The firstly deposited Sb2Te3 layer (indicated with the light blue 

area) is well defined, but rotational or twisted domains are probably present, as 

were observed in our earlier work for MBE grown Sb2Te3 films.9 There is a large 
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amount of local disorder in the stacking sequence, of which some clear examples 

are indicated by the white outlined areas, and it is difficult to correlate this with the 

estimated nominal thicknesses of Sb2Te3 (6 nm) / GeTe (3 nm) from XRR. The 

thickness of ~90 nm and line scans on thin parts of the film, see table on the right 

side of Figure 3.1, nevertheless give good agreement with X-ray reflectivity (XRR) 

estimations, of which the results are given in Table 3.1. 

 

 

Figure 3.1: Overview TEM cross-section of a ~90 nm thick 

[Sb2Te3-GeTe]10 superlattice on Si(111)-(7x7). The separate 

phases of Sb2Te3 and GeTe are clearly resolved due to the 

~1.02 nm modulations of the quintuple layer structure of 

Sb2Te3. Simple line scans indicate that the Sb2Te3 is ∼5.0 nm 

and GeTe ∼3.5 nm on average. The white circle and square 

indicate examples of stacking disorder. 

N Sb2Te3 (nm) GeTe (nm) 

1 6.9 4.3 

2 5.1 4.2 

3 4.9 3.4 

4 2.9 3.4 

5 4.6 4.4 

6 6.5 3.6 

7 5.1 3.3 

8 6.5 2.3 

9 3.4 3.3 

10 4.9 2.9 

cap 3.8 
 

   
Total 54.6 35.1 

Average 5.0 3.5 

Std. Dev. 1.3 0.7 
 

Extensive Energy-Dispersive X-ray Spectrometry (EDX) measurements were 

performed on different locations of the cross-sectional TEM sample. These showed 

that the average film composition and variation in at.% corresponds to 20.9±1.9 

Ge, 22.7±1.6 Sb and 56.5±0.8 Te (with maximum 1.2 at.% fitting error). Assuming 

that Sb2Te3 is deposited stoichiometrically, which is a reasonable assumption based 

on the phase diagrams of both binary components of the superlattice, this is 

equivalent to 43±4 at.% Ge48Te52 and 57±4 at.% Sb2Te3. Using these results and the 

fact that the film is highly textured along the c-axis, which allows using literature 

values for GeTe (0.356 nm/BL), Sb2Te3 (1.015 nm/QL) and GST distances along 
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this axis,5–8,11,12 it is calculated that the film on average contains 10 sublayers of 4.9 

nm Sb2Te3 and 3.6 nm GeTe, in excellent agreement with TEM image analysis. A 

comparison of the sublayer thicknesses based directly on cross-section TEM image 

and as calculated from the average EDX results is shown in Table 3.1. The EDX 

result gives the most accurate average, but the TEM images show that local 

variations in sublayer thickness can be relatively large. 

Figure 3.2 shows a high-resolution image of this film near the interface with the 

Si substrate. The presence of twist domains and large disorder make imaging and 

further analysis difficult. Nevertheless the substrate-film interface is atomically 

sharp, which is supported by previous work on Sb2Te3 thin films.9 

 

 

Figure 3.2: High resolution TEM image of the substrate-film interface of the [Sb2Te3-GeTe]10 

superlattice, shown in Figure 3.1. The Sb2Te3 phases are clearly distinguished and are well separated. 

The presence of rotational domains and the large disorder make analysis difficult. 

Table 3.1: Summary of TEM and EDX analyses 

 GeTe (nm) Sb2Te3 (nm) 

XRR estimate 3 6 

TEM image 3.5±0.7 5.0±1.3 

EDX calculation 3.6±0.2 4.9±0.2 
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3.3.2 GeTe-Sb2Te3 superlattices on passivated Si(111) 

During this project it was found that that deposition of Sb2Te3 or GeTe on van der 

Waals passivated surfaces significantly improved the epitaxy of the films by 

suppressing twisted domains and allowing for single-crystal growth.9,10 Therefore 

the procedure of Sb-passivation, which showed higher quality films than H-

passivation, has been used to deposit subsequent superlattices. Figure 3.3 shows a 

~170 nm thick [GeTe-Sb2Te3]10 multi-layer on Si(111)-Sb. The measured sublayer 

thicknesses of 10.4 nm GeTe and 6.4 nm Sb2Te3 are in disagreement with XRR 

simulations of 6 nm and 9 nm respectively, but the superlattice structure is much 

better resolved. The reason for the disagreement lies in the XRR simulation; since 

the densities of GeTe and Sb2Te3 are so close, it’s extremely hard to have an 

accurate fit. There is a substantial decrease in layering disorder, as compared to the 

sample of Figures 3.1 and 3.2, and this could possibly be attributed to Si(111)-Sb 

surface and better starting conditions. 

From XRD and RHEED analysis it was derived that GeTe in samples such as in 

Figure 3.3 have a rhombohedrally distorted structure in the out-of-plane direction, 

i.e. when this structure is described with hexagonal axes then the c-axis is parallel 

to the out-of-plane direction. This could be confirmed by the TEM results, as shown 

and illustrated by Figures 3.4 (a) and 3.4 (b). Figure 3.4 (a) shows the sample-

substrate interface without Sb2Te3. Note that in the left part of the image a twin 

boundary is observed, which indicates that the film is oriented along the <110> 

zone axis, and is thus crystallographically aligned to the substrate. Using fast 

Fourier transform (FFT) analysis over this image it could be found, as shown by 

Figure 3.4 (b), that (i) the film indeed is matched to the substrate and (ii) the film 

indeed is rhombohedrally distorted (this is done by looking at grazing angles along 

the indicated arrows, where green means aligned and red not aligned). 
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Figure 3.3: TEM cross-section of a ~170 nm thick 

[GeTe/Sb2Te3]10 superlattice on Si(111)-Sb. Also for GeTe 

surface passivation shows major improvements7. The 

sublayer thicknesses of 10.4 nm GeTe and 6.4 nm Sb2Te3 are 

in disagreement with XRR simulations. 

N GeTe (nm) Sb2Te3 (nm) 

1 12 6.9 

2 11.6 5.6 

3 12.7 5.6 

4 11.3 4.9 

5 12.7 4.9 

6 10.1 5.9 

7 8.1 9 

8 9.2 6.9 

9 9.7 6.6 

10 6.8 7.4 

   
Total 104.2 63.7 

Average 10.4 6.4 

Std. Dev. 2.0 1.3 
 

 

 

Figure 3.4 (a): HRTEM image of the [GeTe-Sb2Te3]10 

superlattice on Si(111)-Sb, particularly focusing at the Si-

GeTe interface. From FFT analysis, see Figure 3.4 (b), it can 

be seen that GeTe is crystallographically aligned to the Si 

substrate. This is in agreement with the fact that both 

crystals are in the <110> zone axis and in the left of the 

image a twin boundary is observed. 

 

Figure 3.4 (b): FFT of selected region 

in Figure 3.4 (a). Since the FFT 

contains spots from both Si <110> and 

GeTe <110>, the film is aligned to the 

substrate. Also, by looking at grazing 

angles at the spots, it is seen that GeTe 

is rhombohedrally distorted. 

Twin boundary 
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Figure 3.5: GeTe on Sb passivated Si(111) showing a layering defect. By FFT analysis in regions 1, 2 

and 3, corresponding to Figures 3.6 (a)-(c) it could be determined that the left and right part of the 

film have opposite stacking direction (i.e. abc vs. cba stacking). In the center of the film, region 2, both 

twins are present and thus this region corresponds to a domain wall between these two regions in 

projection. 

 

Fig.3.6(a): FFT corresponding 

to region 1 of GeTe in Figure 

3.5, corresponding to one of the 

two twin variants. 

 

Fig.3.6(b): FFT corresponding 

to region 2 of GeTe in Figure 

3.5, corresponding to both twin 

variants. 

 

Fig.3.6(c): FFT corresponding 

to region 3 of GeTe in Figure 

3.5, corresponding to the other 

of the two twin variants. 

Additionally, layering defects were found, as illustrated by Figure 3.5, which 

could be correlated to (180º around [0001] interface normal) twinning in GeTe, as 

shown by the corresponding FFTs in Figures 3.6 (a)-(c). Note that for a hexagonal 

lattice 180º around [0001] would not give a twin, because the [0001] is a 6-fold 

rotation axis. However, in the rhombohedral (trigonal) lattice the [0001] is a 3-fold 

rotation axis. In the literature of phase-change materials this distinction between 

hexagonal and rhombohedral lattices is often not made accurately. Note that 
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rhombohedral GeTe can be prone to twinning because the atoms in each close-

packed plane have 3 short bonds and 3 long bonds to the neighboring close-packed 

planes and therefore the energy increase due to a twin boundary at the level of the 3 

long bonds will be small. The particular vertical defect observable in Figure 3.5, was 

observed in more locations in the GeTe sublayers and shows some features which 

could help to unravel what is happening. First note that the closed packed (0001) 

GeTe layers are intercalating along the vertical line of the defect. To see this more 

clearly one could draw horizontal lines along the close packed planes. This stacking 

error appears to be caused by a step at the surface of the silicon substrate so that 

the tellurium planes are shifted half a period with respect to one another. In this 

respect this antiphase boundary can also have been produced at the interface where 

two islands during growth meet. 

Extensive EDX measurements were also performed on different locations for 

this cross-sectional sample. These showed that the average film composition and 

variation in at.% corresponds to 32.7±1.2 Ge, 12.3±1.6 Sb and 55.0±1.0 Te (with 

maximum 1.2 at.% fitting error). Based on this composition again the GeTe and 

Sb2Te3 sublayer thicknesses could be derived. The measured composition is 

equivalent to 69±3 at.% Ge47Te53 and 31±4 at.% Sb2Te3. Using these results and the 

fact that the film is highly textured along the c-axis, which allows using literature 

values for GeTe (0.356 nm/BL), Sb2Te3 (1.015 nm/QL) and GST distances along 

this axis4,5, it is calculated that the film on average contains 10 sublayers of 11.3±0.4 

nm Sb2Te3 and 3.6 nm GeTe, in good agreement with TEM image analysis. A 

comparison of these thicknesses and the ones based directly on cross-section TEM 

image is shown in Table 3.2. The EDX result gives the most accurate average, but 

the TEM images show that local variations in sublayer thickness can be relatively 

large. 

 
Table 3.2: Summary of TEM and EDX analyses 

 GeTe (nm) Sb2Te3 (nm) 

XRR estimate 6 9 

TEM image 10.4±2.0 6.4±1.3 

EDX calculation 11.3±0.4 5.7±0.3 
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3.4 Conclusions 

Various GeTe-Sb2Te3 superlattices have been grown successfully using MBE and 

characterized with TEM. The contrast of the different phases of the superlattice 

made it possible to accurately distinguish GeTe and Sb2Te3 and measure their 

respective sublayer thicknesses, which were independently verified using EDX. The 

superlattices deposited on passivated surfaces showed less disorder, which is 

probably due to better starting conditions. Twinning and some rare type of defect 

(anti-phase boundary) in the superlattices have also been highlighted.  

Regarding the thickness characterization, the following conclusions can be 

drawn from the experimental techniques. Although XRR is good for measuring 

single-phase or single-density thicknesses over large areas, it is difficult to 

implement to nanostructured materials with several nm sublayer thicknesses. The 

spectra require fitting procedures which can easily go wrong with more fitting 

parameters. This appears to be the case for GeTe and Sb2Te3 superlattices, as 

evidenced from Table 3.2, where XRR definitely gives the wrong estimate. TEM on 

the other hand appears to be better suited for this technique due to a stronger 

electron-matter interaction. One can determine sublayer thicknesses accurately on 

a local scale, which at the same time is a disadvantage if there is a lot of disorder 

present such as in the films studied here. Large-scale (~100 nm) EDX on the other 

hand gives good statistical estimates, but loses resolution on the local scale. Also, 

another problem could be if separate phases of the sublayers are mixed 

significantly. Then it becomes more difficult to separate the phases. In the current 

studies the mixing is deliberately kept low, so that for further studies and 

characterization of this type of superlattices the local/average combination of 

TEM/EDX gives the most accurate results. 
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Chapter 4** 

Interface formation of 2D and 3D bonded materials in 

the case of GeTe-Sb2Te3 superlattices 

Ge3Sb2Te6

 

The crystal structure of GeTe-Sb2Te3 superlattices is actually a van der 

Waals heterostructure of Sb2Te3 and trigonal GeSbTe. 

Abstract 

GeTe-Sb2Te3 superlattices are nanostructured phase-change materials which are 

under intense investigation for non-volatile memory applications. They show 

superior properties compared to their bulk counterparts and significant efforts 

exist to explain the atomistic nature of their functionality. The present work sheds 

new light on the interface formation between GeTe and Sb2Te3, contradicting 

previously proposed models in the literature. For this purpose epitaxial GeTe-

Sb2Te3 superlattices were grown on passivated Si(111) at temperature ranging 

from 210°C to 230°C using molecular beam epitaxy and sputtering physical vapor 

deposition, and they have been characterized particularly with cross-sectional 

transmission electron microscopy. Contrary to the previously proposed models, it 
                                                             

** This chapter is based on the original publications Momand, J. et al. Interface formation of two- and 

three-dimensionally bonded materials in the case of GeTe-Sb2Te3 superlattices. Nanoscale 7, 19136–

19143 (2015) and Momand, J. et al. Atomic stacking and van-der-Waals bonding in GeTe–Sb2Te3 

superlattices. J. Mater. Res. 31, 3115–3124 (2016). 
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is found that the ground state of the films actually consists of van der Waals 

bonded layers (i.e. a van der Waals heterostructure) of Sb2Te3 and trigonal 

GeSbTe. Moreover, it is shown by annealing the films at 400°C, which 

reconfigures the superlattice into bulk trigonal GeSbTe, that this van der Waals 

layer is thermodynamically favored. These results are explained in terms of the 

bonding anisotropy of GeTe and Sb2Te3 and the strong tendency of these 

materials to intermix. The findings thus debate the previously proposed switching 

mechanisms of superlattice phase-change materials and give new insights in their 

possible memory application. 

4.1 Introduction 

Phase-Change Materials (PCMs) based on Ge, Sb and Te (GeSbTe) are some of the 

most promising candidates for next-generation data-storage applications.1,2 Due to 

their unique combination of functional properties, they are currently under intense 

investigation for non-volatile random-access memory. Recently, a new concept of 

nanostructured PCMs has been developed based on GeTe-Sb2Te3 superlattices, 

referred to as Interfacial Phase-Change Material or Chalcogenide Superlattice 

(CSL).3,4 This type of material shows strongly improved switching properties 

compared to its bulk counterparts, as well as new possibilities for multi-level 

switching5 and magnetic functionality.6–8 Initially it was proposed that the 

switching was due to the amorphous-crystalline phase-transition of the separate 

relatively thick superlattice sublayers, where the improved performance was 

attributed to the reduced thermal conductivity of the superlattice structure.4,5 

However, it was demonstrated that the CSL kept functioning while the GeTe 

sublayer thickness was narrowed down to ≤ 1 nm, equivalent to two or three 

bilayers (BLs) GeTe, and that CSL had higher thermal conductivity compared with 

bulk GeSbTe. It was concluded that the phase-change occurred within the 

crystalline state, as was verified with transmission electron microscopy (TEM), not 

requiring the melt-quench cycle and thereby inherently acquiring improved 

properties and stability.3 

Despite these advances, the crystal structure and switching mechanism of CSL is 

currently not clearly understood. As both GeTe and Sb2Te3 are based on abc-
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stacking of close-packed atomic planes, with repeating units (Ge-Te-)m and (Te-Sb-

Te-Sb-Te-)n, CSL is being modeled for simplicity as (GeTe)2(Sb2Te3)1 with stacking 

sequences as shown in Figure 4.1 (a). The structure by Kooi et al. corresponds 

experimentally best to the stable phase of Ge2Sb2Te5 (trigonal Ge2Sb2Te5),9 the 

prototype conventional PCM, which is consistent with ab-initio calculations at zero 

temperature. However, at elevated temperatures of 180°C and above these 

calculations suggest that the Kooi et al. phase becomes progressively unfavorable 

and therefore the other sequences dominate.8,10,11 Based on these results, two 

competing switching models were derived, which originate from the understanding 

of the Ge umbrella-flip mechanism in PCMs.12,13 Tominaga et al. propose that the 

two phases of CSL correspond to the Ferro low-resistance state and inv. Petrov 

high-resistance state with a single GeTe umbrella flip as shown in Figure 4.1 (b),8,10 

while Ohyanagi et al. propose the Petrov low-resistance state and inv. Petrov high-

resistance state with a double GeTe umbrella flip as shown in Figure 4.1 (c).14 

There are several problems with these models that need to be addressed to 

progress the understanding of CSL operation. Bulk GeTe and Sb2Te3 are three-

dimensionally (3D) and two-dimensionally (2D) bonded solids, respectively, where 

the Te-Te bond of the latter is predominantly of van der Waals (vdW) type.15,16 This 

implies that vdW-surfaces of “entire” quintuple layers (QLs) Sb2Te3, written 

schematically as (Te-Sb-Te-Sb-Te-vdW-), are passive and do not prefer to bind with 

dangling bonds of GeTe. In this respect the experimental structure by Kooi et al. 

best satisfies this condition, as the GeTe BLs are intercalated within the Sb2Te3 

block where the bonding is 3D, while the other models do not properly match the 

GeTe and Sb2Te3 bonding types. Moreover, since it is known from experiments that 

stable Ge2Sb2Te5 contains mixed Ge/Sb atomic layers,17 lowering the free energy of 

the PCM at higher temperatures due to configurational entropy, it is debatable 

whether modelling CSL with pure Ge or Sb atomic planes as in Figure 4.1 is 

justified. Hence, it is not clear why the structures in Figure 4.1, other than the 

experimentally accepted one based on experiments by Kooi et al. 9 and Matsunaga 

et al.17 would be thermodynamically stable, and why, therefore, the proposed 

switching mechanisms would be correct. 
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Kooi et al. Petrov et al. inv. Petrov Ferro

GeSbTea)

b)

c)

a

c

inv. PetrovFerro

Petrov et al. inv. Petrov

Tominaga et al.

Ohyanagi et al.

 

Figure 4.1: Models of GeTe-Sb2Te3 superlattices considered in the literature. (a) Simple CSL stacking 

sequences in case of (GeTe)2(Sb2Te3)1; (b) CSL switching model proposed by Tominaga et al. 

considering a single Ge umbrella flip;8,10 (c) CSL switching model proposed by Ohyanagi et al 

considering a double Ge umbrella flip;14 Note that in both cases of Figure 4.1 (b) and Figure 4.1 (c) the 

switching cannot be the result of only a vertical flip of Ge atoms (because this would disagree with the 

abc-type stacking).11 

These problems are addressed in the present work, where the previously found 

switching models of CSL are challenged and an alternative ground state structure is 

presented. By using highly controlled Molecular Beam Epitaxy (MBE) and 

sputtering Physical Vapor Deposition (PVD) epitaxial GeTe-Sb2Te3 superlattices 

have been grown on passivated surfaces of Si(111) at substrate temperatures 
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between 210°C and 230°C. These methods have shown in our previous work to 

produce high-quality Sb2Te315 and GeTe16 thin films and GeSbTe memory devices.18 

The crystal structure of the films is resolved using various characterization 

techniques, including High-Resolution Transmission Electron Microscopy 

(HRTEM), High-Angle Annular Dark Field Scanning TEM (HAADF-STEM), X-Ray 

Diffraction (XRD) and Energy Dispersive X-ray spectroscopy (EDX). Contrary to 

the previously proposed models, it is demonstrated that the structure of the films 

corresponds to van der Waals bonded layers (i.e. a van der Waals heterostructure)19 

of Sb2Te3 and trigonal GeSbTe, in agreement with expectation based on models 

proposed by Kooi et al.9 and Matsunaga et al.17 Moreover, preliminary memory 

characterization shows that similar MBE grown films indeed display clear CSL 

memory behavior with for instance a reduction of the programming current by a 

factor three in comparison to the same devices containing bulk GeSbTe. The 

present results therefore indicate that the models for CLS switching as depicted in 

Figure 1 (b) and 1 (c) are unlikely and that a revision of the switching mechanism is 

required. 

4.2 Results  

4.2.1 MBE grown superlattices 

The average XRD, XRR and EDX results in the Appendix demonstrate that 

[GeTe(1nm)-Sb2Te3(3nm)]15 has been grown with a clear, well-defined and 

stoichiometrically consistent superlattice feature. The structure of this CSL is then 

studied with HAADF-STEM, of which an overview is shown in Figure 4.2 (a). The 

Si substrate at the bottom of the image appears darker than the film due to Z-

contrast and the dark horizontal lines in the film correspond to the vdW type Te-Te 

bonds, referred to as vdW gaps. Since Sb2Te3 and GeTe have 2D and 3D bonding, 

respectively,15,16 the formation of vdW gaps is expected to be at least between 

adjacent QLs of Sb2Te3.  The superlattice feature of the film can then be recognized 

in this image by (i) Z-contrast of Ge with respect to Sb and Te (having 

approximately equal Z) and (ii) the 2D bonded Sb2Te3 QLs, which are separated by 

vdW gaps. Hence, the periodicity of the alternating GeTe-Sb2Te3 block is indicated 

on the left in the figure, pointing each time roughly to the Sb2Te3 sublayers. 
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Figure 4.2: HAADF-STEM measurements on the MBE grown as-deposited superlattice. (a) Overview 

micrograph of the [GeTe(1nm)-Sb2Te3(3nm)]15 CSL; (b) Close-up of the Si(111)-Sb-Sb2Te3 interface and 

GeSbTe layer formation, which is deduced to be Ge3Sb2Te6 from Figure 4.2 (d); (c) Intensity linescan 

corresponding to the Si(111)-Sb-Sb2Te3 interface in Figure 4.2(b); (d) Intensity linescan corresponding 

to the GeSbTe layer in Figure 4.2(b). 

Two observations can be made from the overview image in Figure 4.2 (a). First, 

it is deduced by the number of vdW gaps that typically 1 or 2 instead of the 

expected 3 QLs Sb2Te3 are formed, where the vdW-layer thicknesses are 1 QL or 

larger. The reason is that the vdW-layers consist of entire QLs Sb2Te3, while for 

GeTe rather the formation of (GeTe)n+Sb2Te3 or trigonal GeSbTe occurs. This is 

why almost exclusively vdW layers of odd number atomic planes are formed. 

Second, various stacking and layering faults are seen in the image, particularly 

double-plane defects in between the odd-numbered atomic plane vdW layers, 

which is a consequence of the fact that the film is not perfectly deposited plane by 

plane. However, the clear occurrence of vdW gaps and their special extension 

affirms the smoothness of growth achieved with MBE, reflecting its high-quality 

layer by layer growth. Also, twinning and twin-boundaries are observed as the 
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crystal is viewed along Si<1-10> or Sb2Te3<11-20>, where the abc-stacking 

becomes apparent. From φ-scans around the Sb2Te3(220), shown in the Appendix, 

it is found that an approximately equal number of opposite twin-domains exist in 

the crystal. This is also seen in previous work on the growth of Sb2Te3 and can be 

attributed to the weak bonding in between the vdW-layers.15 

A high-resolution image of the substrate-film interface is shown in Figure 4.2 

(b). From this image it becomes apparent that the substrate and film are 

crystallographically aligned along the hexagonal basis vectors in these planes. In 

the corresponding linescan in Figure 4.2 (c) the vdW gap and structure formation 

can be studied in more detail. Since the deposition of the film is initiated by 

passivating the Si(111)-(7x7) surface with (√3x√3)R30°-Sb, the first bright atomic 

layer on the substrate is Sb, where each of the trivalent Sb atoms bonds to a Si 

dangling bond and thereby remove the (7x7) surface reconstruction.15 The 

subsequent surface is then of vdW type and vdW epitaxy20 of Sb2Te3 on Si can be 

achieved, as evidenced by the subsequent deposition of 3 Sb2Te3 QLs. Interestingly, 

it is measured from Figure 4.2 (c) that the Sb-Te distance at the interface is larger 

than the Te-Te distances in the film, 0.332 nm and 0.296 nm, respectively. This can 

be explained by the fact that in Sb2Te3 the atomic planes are close-packed on top of 

each other and thus the Te-Te atomic planes have a distance close to the close-

packed vdW-bond radii of Te atoms. For the substrate-film interface however, 

there is the ~11% lattice mismatch, which impedes the close-packing of Sb-Te. The 

distance of 0.332 nm is nevertheless smaller than the 0.296/√2/3 = 0.363 nm 

close-packing factor, indicative of some degree of bonding. Note also that in this 

respect, where the two adjacent Te atomic planes have a close-packed configuration 

and also do not have interplanar dangling bonds, the vdW gap is a different object 

than a vacancy layer, as sometimes is used without distinction in the literature. In 

later work this has been recognized by the introduction of distinct cubic phases 

within GeSbTe.21,22 

On top of the 3 QLs Sb2Te3 in Figure 4.2 (b) an 11-layered vdW structure has 

been formed of which the corresponding intensity linescan is shown in Figure 4.2 

(d). By viewing the HAADF-intensities of the atomic columns in the layer and 

taking into account that the Te atomic plane is alternated with Sb/Ge atomic 
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planes, it is deduced that the stacking is of the form (Te-Sb-Te-Ge-Te-Ge-Te-Ge-

Te-Sb-Te-vdW-). This linescan also demonstrates the atomic precision of the MBE 

growth by showing that almost pure Ge and Sb atomic planes have been formed 

during deposition with little intermixing of the Ge/Sb planes, as expected for the 

alloy.17 Hence, the deposition of 1 nm (or 3 BLs) of GeTe has resulted in the 

formation of a natural or trigonal Ge3Sb2Te6 layer and is labeled accordingly. There 

is an inherent asymmetry between the beginning and the end of the GeSbTe layer 

in the superlattice, which can be attributed to the growth direction and thus has a 

kinetic origin. The formation of the (-vdW-Te-Sb-Te-) stacking sequence is 

surprising in this respect, as Sb2Te3 growth actually occurs in entire 1 nm QLs.15,23 

This shows that during this layered Sb2Te3 growth, after the flux transition from Sb 

to Ge, the film already has a strong tendency to reconfigure itself to form this type 

of surface and stacking sequence, rather than forming the proposed (inv.) Petrov or 

Ferro interfaces in Figure 4.1 (a). 

The naturally occurring stacking faults and layering disorder in the deposited 

superlattice seem inconsistent with the high quality that should be achievable with 

MBE, but this is another signature that the artificially grown CSL reconfigures into 

a lower energy state. Moreover, the stacking disorder is quite useful for 

characterization of different types of structures formed. In this way many different 

vdW layers can be observed, eliminating the necessity for many depositions and 

sample analyses. Figure 4.3 shows parts of the film where layers of different 

number of atomic planes are formed, namely 5-, 7-, 9-, 11- and 13-layered vdW 

systems. Starting from the 5-layered system in Figure 4.3 (a) and counting forward, 

it can be seen that the intensity lowering is particularly happening in the center of 

the vdW layer, confirming the results described above that pure Ge does not bind 

near the vdW gaps. The 5-layered system is just a QL Sb2Te3 with equal intensity 

maxima, while the 7-layered system has a single Ge mixed plane with considerable 

amount of Sb at the center of the layer. The expected stacking sequences occur for 

9-, 11- and 13 layers, where almost pure Ge atomic planes are formed, and already 

showing evidence for Ge intermixing in the Sb layer near the vdW gap. These 

findings thus confirm that the vdW gap is formed after the -Te-Sb-Te termination 

of the stack, such as in Sb2Te3, and that the GeTe is thus intercalated within the 
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Sb2Te3 block, where the bonding is matched. Note that this is in contrast to phases 

richer in Sb than Sb2Te3 where Sb bilayers are intercalated within the vdW gaps of 

Sb2Te3.15,24 Hence, the present results lead to the conclusion that the structure of 

the as-deposited GeTe-Sb2Te3 superlattice is a vdW heterostructure of Sb2Te3 and 

trigonal GeSbTe. 

 

 

Figure 4.3: Variety of vdW layers formed in the MBE grown as-deposited superlattice. The intensity 

linescans corresponding to the HAADF-STEM micrographs cover larger regions than shown in the 

representative images. (a) 5-layer; (b) 7-layer; (c) 9-layer; (d) 11-layer; (e) 13-layer; In the linescans 

the low intensity dips correspond to vdW gaps and the peaks to the Ge, Sb and Te atomic columns. 

Note that several atomic columns already show evidence of Ge/Sb intermixing. 

To monitor the direction of chemical diffusion in the superlattice, another piece 

of the as-deposited sample has been annealed at 400°C for 30 min and has 

undergone the same characterization procedures. A drastic transformation can be 

observed by comparing XRD acquired on the sample before and after annealing. As 

shown Figure 4.4, after annealing, all the peaks attributed to Sb2Te3 at Qz = 2.4, 

3.09, and 4.26 Å-1 disappear and the CSL satellite peak at Qz = 3.46 Å-1, 

characteristic for the superlattice structure, vanishes as well. The new spectrum 

displays peaks spaced by ~0.46 Å-1 which corresponds in real space to the c lattice 

parameter of trigonal GeSb2Te4 when described with hexagonal axes. These results 

show that overall Sb2Te3 and GeTe intermix into an ordered GeSb2Te4 structure 

after annealing and the CSL structure is lost. 
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Figure 4.4: Symmetric 2θ-ω scan on [GeTe(1nm)-Sb2Te3(3nm)]15 CSL before (blue line) and after (red 

line) annealing at 400°C for 30min. 

The cross-sectional HAADF-micrograph in Figure 4.5 (a) shows an overview of 

the thermally reconfigured film’s microstructure, which has retained its layered 

vdW structure and 2D nature, as is expected for natural GeSbTe.9,17 Interestingly, it 

is observed that despite the large reconfiguration in the film, the Sb-monolayer 

terminating the Si substrate has seemingly remained intact, reflecting its stability 

and strong bonding. The Sb2Te3 QLs which were present in the superlattice stack 

have been dissolved, effectively destroying the superlattice structure, and the 

remaining film contains primarily 7- and 9-layered vdW systems with thickness of 

1.36±0.02 nm and 1.73±0.02 nm, respectively.  
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Figure 4.5: HAADF-STEM measurements on the MBE grown annealed superlattice. (a) Overview 

micrograph showing that the CSL has thermally reconfigured into trigonal GeSbTe, consisting of 7- 

and 9-layered vdW blocks; (b) Close-up of a region consisting of 7-layered vdW blocks; (c) Intensity 

linescan of a 7-layer shown in Figure 5 (b); (d) Close-up of a region consisting of 9-layered vdW 

blocks; (e) Intensity linescan of a 9-layer shown in Figure 4.5 (d); The asterisk in Figure 4.5 (c) and 4.5 

(e)  indicates that the Ge and Sb atomic planes are mixed. 

Figures 4.5 (b)-(c) and 4.5 (d)-(e) show the formation of 7- and 9-layered 

structures near the substrate with corresponding linescans, respectively. It is 

observed that the lowest intensity peaks of these structures, indicated by Ge* and 

Sb*, are again in the center of the vdW layers. Comparing this structure and the 

thickness of the vdW layers with literature,9,17 it shows that the superlattice created 

during growth by the alternating supply of Ge and Sb is reconfigured into bulk 

trigonal GeSbTe through the diffusion of Ge atoms. This result thus shows that the 

thermodynamically favored state of the system in this temperature range is trigonal 

GeSbTe, rather than the structures in Figure 4.1 (a) and suggests even stronger Ge 

intermixing in the superlattice for higher deposition or annealing temperatures. 

These findings are thus consistent with the previous results on the as-deposited 

superlattice, which already showed such driving force.  However, due to limited 

time and temperature during deposition complete transformation to trigonal 

GeSbTe is not possible, but screening of GeTe by -Te-Sb-Te was already achieved. 

Interestingly, as it is known from TEM-EDX measurements that the average 

composition, which has not changed after the reconfiguration, corresponds best to 

GeSb2Te4, the structure does not simply reconfigure to exclusively a 7-layered Kooi 
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et al. structure with pure atomic planes (Te-Sb-Te-Ge-Te-Sb-Te-vdW-). In contrast, 

the formation of 9 layers supports the conclusion of intermixed Ge and Sb layers, as 

is observed in the HAADF intensities in Figure 4.5 (c) and Figure 4.5 (e). The 

present results are thus fully consistent with the structure proposed for the first 

time by Matsunaga et al. for stable Ge2Sb2Te5 containing mixed Ge/Sb atomic 

layers.17 They also demonstrate that the models in Figure 4.1 (a) which only 

consider pure Ge and Sb planes cannot be used at elevated temperatures, because 

they neglect the importance of configurational entropy. 

4.2.2 PVD grown superlattices 
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Figure 4.6: HRTEM results of PVD grown [GeTe(4 nm)- Sb2Te3(3 nm)]15 superlattice on Si(111)-H. (a) 

Overview image of the superlattice. (b) High-resolution image of the superlattice. The model for the 

structure that is formed is indicated on the right of the image. 

PVD is another technique for film-growth with the advantage that it is adopted 

much more easily in an industrial process than MBE. Beside this, most of the 

previous results in the literature have been achieved using PVD grown GeTe-Sb2Te3 

films.3,4,10,14 Figure 4.6 shows (coherent) HRTEM micrographs of a [GeTe(4 nm)-

Sb2Te3(3 nm)]15 superlattice, produced at 210°C with PVD. The film is grown on H-

passivated Si(111) which is the surface formed after an HF treatment of the 

substrate. Also in this case a strong substrate-film alignment occurs, as will be 

shown in more detail below. HRTEM has a different contrast mechanism than 

HAADF-STEM because the images are formed through coherent interference of 

electrons (phase contrast) and this makes interpretation typically more difficult 

and not directly Z-sensitive. However, due to the dimensionality difference of GeTe 
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and Sb2Te3 it is still possible to distinguish the QLs, and sometimes 7-layers, within 

the film as can be observed in Figure 4.6 (a). 

Figure 4.6 (b) shows a close-up micrograph of the sublayers that are formed, 

which seem to disagree with the intended GeTe(4 nm)-Sb2Te3(3 nm) thicknesses. 

The GeTe sublayer appears to be 5 nm, while only 2 nm (2 QLs) of Sb2Te3 are 

observed. The bilayer thickness is also verified with EDX, which resulted on 

average in 29.2±0.5 at.% Ge, 15.3±0.7 at.% Sb and 55.5±0.9 at.% Te. This is 

equivalent to 61.6±0.9 at.% Ge47Te53 and 38.4±0.7 at.% Sb2Te3, where GeTe is a bit 

off-stoichiometric due to the inherent presence of ~10% vacancies on the Ge 

lattice.25 Using these compositional results and the fact that the ~110 nm film is 

highly textured along the c-axis, which allows using the literature distances for 

GeTe (0.356 nm/bilayer), Sb2Te3, (0.1015 nm/QL) and trigonal GeSbTe, it is 

calculated that the film on average contains 4.3 nm GeTe and 2.7 nm Sb2Te3. So 

since 2 nm of Sb2Te3 have formed 5-layered vdW systems (QLs) the remaining 

amount of Sb is used in the termination of the GeTe sublayers, which is needed to 

form the vdW bond, as illustrated by the model in Figure 4.6 (b) on the right. 

Therefore, also these results of thicker GeTe-Sb2Te3 superlattices produced by 

sputtering clearly support the formation of trigonal GeSbTe with mixed Sb-rich 

planes next to the vdW gap. 

The study of the thermal stability of the superlattices is also studied for PVD 

grown films, which is important because it is argued that there is a thermodynamic 

tendency to form isolated GeTe blocks within Sb2Te3 at elevated temperatures8,10,11 

and for industrial applications the material has to be able to withstand a certain 

amount of thermal processing. Beside this, growth at elevated temperatures above 

~200°C is required for textured growth to occur.3 As it was already shown above, 

that for growth around ~230°C the separate binary compounds intermix by 

terminating the GeTe blocks with Sb-Te vdW surfaces, it is interesting to know 

what the further development is at higher temperatures. In order to examine this a 

set of [GeTe(1 nm)-Sb2Te3(3 nm)]15 superlattices were prepared on Si(111)-H with 

PVD at 210°C and capped with ZnS:SiO2 (80:20) to prevent preferential 

evaporation of GeTe during annealing. Additionally a GeSb2Te4 film was grown 

from a stoichiometric target at 320°C on mica substrates for comparison of the 
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overall structure. Figure 4.7 (a) shows the θ-2θ XRD results of the as-deposited and 

250°C, 300°C, 350°C and 400°C annealed films. 
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Figure 4.7: XRD results of thermal annealing experiments with PVD grown [GeTe(1 nm)-Sb2Te3(3 

nm)]15. (a) θ-2θ scans of the superlattice at different temperatures in comparison with GeSb2Te4 which 

is directly deposited on Mica (top scan). The results clearly indicate that the superlattice structure 

thermally reconfigures into bulk GeSb2Te4 after 350°C. (b) Illustration of the structural models for the 

[GeTe(1 nm)-Sb2Te3(3 nm)] superlattice (CSL) (left) which reconfigures into the stable phase of bulk 

GeSb2Te4 (right).9,26 

The as-deposited film clearly shows superlattice peaks at Qz = 1.816 Å-1 and Qz = 

3.635 Å-1, as well as the 250°C annealed film which hardly changed the as-

deposited structure. However, new and distinct peaks of equally spaced Qz appear 

after annealing temperature of 350°C, which further develop at 400°C. Comparing 

the positions as well as the intensities of all peaks with the GeSb2Te4 film on mica, 

it becomes apparent that the superlattice has reconfigured into GeSb2Te4, as is 
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schematically illustrated in Figure 4.7 (b). This finding for the present PVD grown 

films is fully consistent and in line with the previously obtained results for the MBE 

grown ones. It implies that the intermixing of GeTe and Sb2Te3 to form  trigonal 

GeSbTe is a thermodynamic tendency and that this becomes more pronounced at 

higher annealing or deposition temperatures such that the superlattice feature is 

lost after 30 min. annealing at 350 or 400°C. This outlines a delicate thermal 

balance which has to be achieved during growth: the temperature has to be high 

enough to favor texture of the superlattice material, but at the same time it has to 

be low enough to maintain sharp interfaces. Moreover, this shows that the 

superlattice materials have a limited thermal budget which they can handle, which 

has to be taken into account for potential industrial implementation. Overall, these 

findings thus disagree with the previously mentioned ab-initio results25,28,29 and 

suggest that configurational entropy due to mixing, particularly of the Ge/Sb 

atomic planes, has to be taken into account for the modeling. 

4.2.3 Surface preparation 
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Figure 4.8: Epitaxial matching between Si(111) and GeTe-Sb2Te3 superlattices. (a) XRD pole figure of 

the Si(111)-H PVD grown superlattice showing the {01-12} peak family (conducted at 2θ = 29.80° or 

|Q| = 2.098 Å-1). The result shows that the superlattice not only has a good out-of-plane alignment, but 

it is also in-plane aligned with the Si substrate. Since the crystal structure of the superlattice is 

trigonal, the hexagonal pattern is the result of crystal twinning. (b) Schematic overlay of the nearest 

close-packed planes of the Si and Sb2Te3 lattices, illustrating the dominant epitaxial relationship 

according to (a). 

An important prerequisite for the growth of GeTe-Sb2Te3 superlattices is the ability 

to achieve a film with large domains and a sharp texture due to a single [0001] out-
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of-plane orientation of the trigonal structure, which typically occurs at deposition 

temperatures above ~200°C.3 Also here, several theories exist on what is the best 

way to achieve this based on the chemistry of the relevant materials.15,27 Since 

Sb2Te3 is a 2D bonded component of the film, preferring to organize itself in entire 

QLs, it becomes natural to exploit this property using vdW epitaxy.20 This approach 

has the additional advantage that the lattice-matching condition is much more 

relaxed than for 3D epitaxy, as the chemical bonding on the surface is much 

weaker. This is the reason why in the above experiments either Si(111)-Sb and 

Si(111)-H surfaces have been applied. Using these passive surfaces and the Sb2Te3 

starting layer, it is possible to grow highly textured and substrate-oriented films.15 

Figure 4.8 (a) shows an experimental XRD pole figure of the Si(111)-H PVD grown 

superlattice from Figure 4.6 along the {01-12} peak family (conducted at 2θ = 

29.80° or |Q| = 2.098 Å-1). From the figure it is clear that the superlattice not only 

has an excellent out-of-plane alignment, but it is also in-plane aligned with the Si 

substrate. Since the crystal structure of the superlattice is trigonal, the hexagonal 

pattern is the result of crystal twinning (60° or 180° rotation around the [0001] 

that is perpendicular to the interface). This epitaxy is schematically illustrated (by a 

simplified geometric model, excluding potential matching strains which will be 

small for this vdW-like epitaxy)  in Fig 5 (b), where the last (111) plane of Si and the 

first Te plane of an Sb2Te3 quintuple relative to the interface are overlaid on top of 

each other. 

Thus, a significant feature for lateral Sb2Te3 growth is that the starting surface is 

passive, but also smooth, which does not imply that the surface has to be 

crystalline. This is shown for PVD grown Sb2Te3 layers on the native oxide of the Si 

substrate. Figure 4.9 (a) shows a part of the film where the native oxide is relatively 

flat and therefore the quintuple structures of Sb2Te3 can properly organize. This 

happens during growth initiation to minimize dangling bond surfaces and 

maximize the passive vdW surface. However, if the surface is rough, tilted domains 

can form and are observed; see an example shown in Figure 4.9 (b). The tilt occurs 

because the initial QLs are formed with a tilt on the rough surface and this is a 

further seed for subsequent growth. Therefore, the surface roughness is of crucial 

importance for the growth of superlattices, consistent with the findings by Saito et 
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al.,27 who suggest a way to achieve it with ion-polishing (in order to produce an 

amorphous Si surface). Still, in the work of Saito et al. it is claimed that high quality 

lateral growth also requires materials at the surface that have preference to bond to 

Te and not Sb. In this respect silicon oxide would not be a suitable surface. 

However, the present work shows, as has also been pointed out by Ross et al.,28 that 

it is nevertheless possible to achieve lateral Sb2Te3 growth on SiO2 directly, 

indicating that it is rather the surface chemistry than bulk chemistry which is 

dominant for growth. 

(a)

(b)  

Figure 4.9: Sb2Te3 films grown with PVD on the native oxide of Si(100). (a) Part of the film which 

shows good out-of-plane alignment due to the smooth SiO2 starting surface. This can be seen since the 

vdW gaps of Sb2Te3 are aligned parallel to the interface. (b) Part of the film which shows a tilted 

domain, recognized by the tilted vdW gaps of Sb2Te3, which has formed on a rough part of the 

substrate. 
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4.3 Discussion 

The results show that for both MBE and PVD grown GeTe-Sb2Te3 superlattices the 

crystal structure is actually a vdW heterostructure of Sb2Te3 and trigonal GeSbTe, 

consistent with the provided reasons in the introduction. The -Te-Sb-Te vdW layer 

termination plays an important role in the pinning of vdW gaps, as is also expected 

and found in related compounds such as GeBiTe.29 This is in striking contradiction 

with the models proposed in the literature,8,10,14 for which the necessary (inv.) 

Petrov and Ferro structures do not seem to occur in experiments. In addition, these 

models can hardly be compatible with actual experimental conditions to grow 

superlattices such as substrate temperature control and surface roughness. It is 

known from previous work on bulk GeSbTe that GeTe molecules evaporate from 

the films between 200°C and 250°C during growth,30 narrowing the window of 

deposition. This is not taken into account in previous experiments14 and could play 

an important role for CSL growth by determining the average GeSbTe layer 

thickness. Concerning the roughness, all CSL memories reported in the literature 

have been grown with 1 nm GeTe thickness.3,7,8,14 These sublayers are always 

modelled with 2 GeTe BLs, but this is in fact incorrect, because 1 nm corresponds 

closely to 3 BLs and it is not clear how the structures and mechanisms generalize 

with such an increased sublayer thickness. When actual memories would rely very 

sensitively on having either 2 or 3 GeTe BLs, the whole technology becomes hardly 

realizable in practice. Furthermore, the experimental evidence provided for the 

different states of Figure 4.1 (b) and 4.1 (c), based, as in this work, on HAADF-

STEM images,7,8 does not include (and even shows inconsistencies with) the Z-

contrast in these images. Moreover, these images focused on particularly small 

regions, making it difficult to analyze and compare the overall film structure. The 

TEM results in the original work by Simpson et al. on CSL memory switching3 

indeed show a crystalline feature of the memory in the high-resistance state. 

However, since it is known that GeSbTe can have the amorphous-crystalline 

transition in films down to 2 nm31 and the images were captured using coherent 

TEM, which suffers from electron delocalization, it is not clear whether this film is 

partly or entirely crystalline. The present findings thus disagree with the proposed 
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switching mechanisms of CSL and debate whether it is proven that CSL switching is 

a fully crystalline-crystalline transition. 

On the other hand, the currently proposed ground state structure suggests that 

CSL switching may possibly be a limiting case of the amorphous-crystalline 

transition of very thin GeSbTe sublayers sandwiched between Sb2Te3 QLs. 

However, the thermal conductivity of CSL was measured to be lower than for bulk 

GeSbTe in the work by Simpson et al.,3 dismissing the explanation by Chong et 

al..4,5 Hence, another mechanism for the reduced programming current should be 

responsible for the transition. A possible solution to resolve this issue can still be 

related to the pronounced interfacial and strain energy effects present in CSL. For 

instance, it has been established that that amorphous-crystalline interfaces may be 

of lower energy than crystalline-crystalline interfaces under certain energetic 

considerations,32 which thus would reduce the switching energy for thin GeSbTe 

sublayers sandwiched between crystalline spacer layers than for bulk GeSbTe. 

Furthermore, the effect of strain can also play a significant role as can be deduced 

from the a-lattice parameters of the relevant compounds, aGeTe = 0.417 nm,16,33,34 

aSb2Te3 = 0.4269,15 and aGe2Sb2Te5 = 0.422 nm,17,35 which indicate that the thicker  the 

trigonal GeSbTe vdW sublayer becomes, the more it changes its constant from  

aSb2Te3 to aGeTe. Thus, the GeSbTe vdW layer can mismatch to a maximum of ~2% 

with the Sb2Te3 matrix, depending on its thickness, adding the strain energy to the 

overall crystalline layer.36 Therefore, straining the trigonal GeSbTe layer could 

lower its amorphization energy and the enhanced growth speed can be explained by 

template growth within the crystalline Sb2Te3 matrix,37 consistent with the 

crystalline feature of TEM observations.3 If this would be correct, a scheme would 

emerge to design optimal CSL stacks by introducing thin spacer layers that tailor 

interfacial energy and introduce sufficiently strained GeSbTe layers to lower the 

amorphization energy (e.g. by adjusting the GeSbTe layer thickness with proper 

Sb2Te3/GeSbTe ratio), but not too strained as to facilitate sufficiently fast regrowth. 

Recently, it was also found that  GexTe1-x with x << 0.5 in the superlattice, which 

thus has Ge vacancies and therefore contains more strain of the crystal, reduced the 

switching energy compared with its stoichiometric GexTe1-x with x = 0.5 

counterpart,38 consistent with the proposed hypothesis. 
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4.4 Conclusions 

The present work shows that the ground state of GeTe-Sb2Te3 superlattices is 

actually a vdW heterostructure of Sb2Te3 and trigonal GeSbTe, which is in striking 

contradiction with the previously proposed models in the literature. These GeSbTe 

layers are formed due to the bonding dimensionality of the superlattice sublayers, 

as GeTe prefers to be 3D bonded within the Sb2Te3 block and not adjacent to a vdW 

gap. Such considerations are not taken into account when modeling superlattice 

PCM, which explains why the model structures are not observed experimentally. 

Additionally, the ab-initio modeled structures do not address the experimentally 

established atomic intermixing in Ge/Sb layers, omitting the configurational 

entropy effects on the free energy. More generally, these results shed light on the 

bonding types in PCMs lying on the GeTe-Sb2Te3 tie-line, illustrating e.g. why 

metastable rock-salt GeSbTe structure reconfigures into the stable trigonal GeSbTe 

structure with Te-Te vdW bonds. This is thermodynamically favorable, which is 

thus also the driving force behind this crystalline order-disorder transition that 

changes the overall bonding from 3D to 2D. Also, the degree of vdW bonding in 

trigonal GeSbTe probably depends on the degree of Ge/Sb intermixing adjacent to 

the Te atomic layer at the vdW gap. An increasing mixing of this layer with Ge will 

then change the Te-Te bond from a passive vdW gap to an actual vacancy layer with 

dangling bonds, changing the coupling between adjacent GeSbTe layers and 

thereby probably affecting thermal and electrical conductivities. Overall the present 

results thus have important implications for understanding the structures and 

properties of GeTe-Sb2Te3 based CSLs, which are shown to be technologically 

relevant vdW heterostructures. 

4.5 Methods 

MBE growth and annealing: The cleaning of the Si substrate, its introduction 

into the MBE system, and the preparation of the Si(111)-(√3x√3)R30°-Sb surface 

are detailed in a previous publication16. The substrate and cells are brought to the 

deposition temperature of 227.5 °C for the substrate, T(Ge)base=1120 °C and 

T(Ge)tip=1140 °C for the Ge cell, T(Sb)base=450 °C and T(Sb)tip=600 °C for the 
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Sb cell, T(Te)base=340 °C and T(Te)tip=476 °C for the Te cell. According to 

previous flux calibration by XRR measurements on amorphous Ge, Sb, and Te films 

grown at room temperature, these cell temperatures correspond to a Ge flux of 0.16 

nm/min, a Sb flux of  0.15 nm/min, and a Te flux of 0.45 nm/min, for a Ge/Sb/Te 

flux ratio of ~2/2/5. During growth, the shutter of the Te cell remained open, while 

the shutters of the Ge and Sb cells are alternatively opened and closed depending 

on the desired sublayer. The deposition time for each GeTe sublayer of 1 nm is 200 

s, and 400 s for Sb2Te3 sublayers of 3 nm. After the deposition of the 15 repetitions, 

the sample is cooled down to room temperature, and prior to removal from the 

MBE chamber, the surface is capped with ~10 nm of Si3N4 by sputtering in the 

load-lock to prevent oxidation of the last GeTe sublayer. For the annealing 

experiment, a rapid thermal annealing (RTA) furnace was used. The annealing was 

performed on different pieces of the same sample, in less than1 bar of nitrogen 

atmosphere. The temperature of 400 °C was reached from RT with a ramp 

of 10 °C/s. 

TEM characterization: Cross-sectional TEM specimen were prepared along 

the Si(111)<1-10> substrate crystallographic directions by mechanical polishing, 

dimple grinding and low-voltage Ar+ ion-milling for final thinning using a Gatan 

PIPS II. Average EDX measurements were performed on 4 different cross-sectional 

specimen of the [GeTe-Sb2Te3]15 superlattice using a JEOL 2010 equipped with a 

LN2-cooled SiLi detector. The spectra were fitted (< 1.4% error) with the Cliff-

Lorimer (MBTS) correction method w/o absorbance as implemented in the NSS 

2.3 software package from Thermo Scientific. HAADF-STEM measurements were 

carried out using a JEOL ARM200F with sub-Å point resolution settings, where the 

accelerating voltage was 200 kV, the semi-convergence angle was 22 mrad and 

ADF collecting angles were 68-280 mrad. Calibration of images is typically 

performed on the basis of the Si(111) interplanar distance (0.3135 nm). Image 

analysis was in all cases carried out on raw data using GMS 2.30 software and all 

linescans in this paper were normalized to the background by dividing them with a 

highest order unique polynomial through the Te peaks in the vdW layer + 2 

neighboring Te peaks outside this layer. For better visibility, micrographs in Figure 
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4.3 and Figure 4.5 (a) were filtered with the Average Background Subtraction Filter 

(ABSF) filter32, freely available at www.dmscripting.com/hrtem_filter.html. 

XRD and XRR characterization: XRD and XRR characterizations were 

performed using a PANalytical X’PertTM triple-axis diffractometer with Cu(Kα-1) 

radiation (λ=1.540598Å) and Ge(220) hybrid monochromator. The XRR fits were 

carried out with the specular interface model of the X'Pert reflectivity fitting 

software. 

Visuals: The visuals in Figure 4.1 were created using the freely available 

VESTA software package33. 
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4.7 Appendix 

4.7.1 Average Structural Characterization 
The epitaxial relationship between the chalcogenide super-lattice (CSL) and the 

silicon substrate is investigated using a symmetric ω–2θ XRD-scan in Figure 4.10. 

 
Figure 4.10: Symmetric ω–2θ XRD scan on nominal [GeTe(1nm)-Sb2Te3(3nm)]15 CSL. 

 

The sharpest peaks at Qz = 2.00, and 4.01 Å−1 are reflections from the Si(111) 

substrate, while the Bragg reflections at Qz = 1.816, and 3.63 Å−1 correspond to a 

set of planes spaced by 3.452 Å in real-space and are ascribed to the average 

periodicity of the Te sublattice that is shared throughout the whole CSL structure. 

These reflections are therefore named CSL 1st order and 2nd order. The peak at Qz = 

3.465 Å−1 is at a distance of 0.165 Å−1 from the main CSL 2nd order peak, which 

corresponds to a periodicity of 3.77 nm in real-space. This is in good agreement 

with the nominal thickness of 4 nm for one superlattice repeating unit in the 

observed sample (1 nm GeTe + 3 nm Sb2Te3). This peak is therefore assigned as a 

superlattice satellite (sat.) peak. The reflections at Qz = 2.44, 3.09, and 4.26 Å−1 can 

be attributed to the Sb2Te3(00.12), (00.15), and (00.21) reflections. The additional 

broad peak at Qz = ~3.25 Å−1 is attributed to a convolution of peaks that occur at 

1/4th , 1/5th , and 1/6th of the distance between CSL 1st order and 2nd order. In real 
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space, these peaks correspond to structures of the same size as the c lattice 

parameters of rhombohedral Ge1Sb2Te4, Ge2Sb2Te5, and Ge3Sb2Te6 when described 

with hexagonal axes. 

 
Figure 4.11: High-resolution 2θ-ω scan around CSL 1st order peak. 

 

Interference (int.) fringes around the 1st order peak in Figure 4.11, are also used 

to evaluate a total CSL thickness. The value is about 51.2 nm, which is not in good 

agreement with the nominal thickness of 60 nm. XRR spectra are complementary 

to XRD and help in better assessing the total thickness. Best results of the fit, 

shown in Figure 4.12, provide for the total thickness a value of 56.4 nm, closer to 

the nominal one. Because the densities of GeTe and Sb2Te3 are very similar, the 

XRR fitting is not sensitive to the thickness of each individual sublayer. 
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Figure 4.12: Low angle reflectivity (black line) spectra and simulation (red line). 

 

The composition of the superlattice has also been verified with cross-sectional 

TEM-EDX resulting in 15.1±1.7 at.% Ge, 27.9±0.9 at.% Sb and 57.0±1.5 at.% Te, 

which is stoichiometrically equivalent to 30±3 at.% GeTe and 70±2 at.% Sb2Te3. 

Using these results and the fact that the 57±1 nm film is highly textured along the c-

axis, which allows using literature distances for GeTe (0.356 nm/BL), Sb2Te3 (1.015 

nm/QL) and GST9,17, it is calculated that the film contains on average 15 sublayers 

of 1.05 nm GeTe (3.0 BLs) and 2.75 nm Sb2Te3 (2.7 QLs). These results are in 

excellent agreement with XRD and XRR analysis as summarized in Table 4.1. 

 
Table 4.1: Summary of XRD, XRR and TEM-EDX results 

  XRD int. XRD sat. XRR TEM-EDX 

Film thickness (nm) 51.2 56.6 56.4 57.0 

Bilayer thickness (nm) 3.41 3.77 3.76 3.80 

GeTe sublayer thickness (nm)     

 

1.05 

Sb2Te3 sublayer thickness (nm)     

 

2.75 
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4.7.2. φ-scans on Sb2Te3(220) 

 
Figure 4.13: φ-scan of the CLS on the Sb2Te3(220) reflection. 

From the φ-scan around Sb2Te3(220), shown in Figure 4.13, it is found that an 

approximately equal number of opposite twin-domains exist in the as-deposited 

superlattice. This is not to be confused with a hexagonal structure, as the abc-

stacking in Sb2Te3 has trigonal symmetry. 
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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)

εzz -0.5 +0.5

1

2

3

4

5

6

7

8

9

Sb2Te3

GeSbTe
Sb2Te3

GeSbTe

 

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. 
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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% 

  



5. Dynamic reconfiguration of van der Waals gaps within GeTe-Sb2Te3 based superlattices 

118 

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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Chapter 6‡‡ 

Tailoring the epitaxy of Sb2Te3 and GeTe thin films 

using surface passivation 

Si(111)-H + GeTe Si(111)-Sb + GeTe

 

While GeTe grows with many randomly oriented domains on H-

terminated Si(111), the in-plane alignment is significantly improved on 

Sb-terminated Si(111). 

Abstract 

Chalcogenide thin films are exciting candidates for electronic applications such as 

spintronic devices, non-volatile memories and thermoelectric materials. To 

achieve such applications the understanding of their thin film growth is of 

paramount importance. In this work the epitaxy of exemplary chalcogenides 

Sb2Te3 and GeTe on different surfaces of Si(111) with atomically sharp interfaces 

is presented and compared using plan-view transmission electron microscopy 

and electron diffraction. It is shown that depending on the monolayer surface 

termination the resulting films present drastic differences in terms of film 

morphology and crystallinity. In particular, a profound difference is found 

between the films grown on H-passivated and Sb-passivated surfaces. In both 

cases, the out-of-plane texture is strongly c-axis oriented, but the case of Si(111)-H 

                                                             
‡‡ This chapter is based on a manuscript which is being prepared for publication. 
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shows the frequent occurrence of random in-plane twist for both films, while for 

Si(111)-Sb this is strongly suppressed. The role of the substrate-film interface for 

the epitaxy is discussed and the consequences for the properties of the films are 

highlighted. In general, the insights of these results shed light on chalcogenide 

thin film growth for topological insulator, ferroelectric, thermoelectric and phase-

change materials research. 

6.1 Introduction 

The growth of highly ordered chalcogenide thin films is of significant importance 

for the development of new applications with topological insulators,1,2 Rashba-type 

materials,3 thermoelectric materials4 and interfacial phase-change memories.5 In 

this respect Sb2Te3 and GeTe are exemplary chalcogenides. The Sb2Te3 system has 

for instance been studied for its protected surface states using the weak 

antilocalization effect6,7 and scanning tunneling spectroscopy8,9 and GeTe is shown 

to have a spin-split surface and bulk bands using angle-resolved photoemission 

spectroscopy (ARPES).10,11 Both materials are also long known for their usage in 

phase-change memories.12 For heteroepitaxial growth of such films typically 

substrates with smallest lattice mismatch are chosen. However, it is argued that by 

passivating the dangling bonds on reactive surfaces using properly chosen surface 

terminations, van der Waals epitaxy can be achieved where the lattice matching 

condition can be significantly relaxed.13 In this way, by each time initiating growth 

on passive surfaces, many artificial vdW heterostructures could be grown with a 

wide range of new physical phenomena.14–16 

Here the focus is particularly on crystalline substrates, while the growth of these 

materials on amorphous substrates is discussed elsewhere.17–19 The chalcogenides 

Sb2Te3 and GeTe are epitaxially grown on differently prepared Si(111) surfaces with 

Molecular Beam Epitaxy (MBE) and studied with plan-view Transmission Electron 

Microscopy (TEM) and Selected Area Electron Diffraction (SAED). Previous cross-

sectional TEM analyses, as also shown in the micrographs in Figure 6.1, have 

demonstrated the high quality of the films and the atomically sharp interfaces 

between substrate and films.20–22 However, these analyses lack sufficient overview 

to assess the more global quality of the epitaxy. In addition it will be argued that 
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care should be taken when interpreting large volume averaging techniques like X-

Ray diffraction (XRD) due to experimental limitations. For instance, the films 

studied here could be misunderstood to be single crystalline due to the occurrence 

of single φ-scan peaks, but plan-view TEM images show that these films actually 

contain nano-sized low-angle twist domains. 

The surfaces analyzed in the present work are the 1×1 H-terminated (after HF 

treatment), 7×7 bare (after annealing at 720 °C) or (√3×√3)R30° Sb-terminated 

(after Sb treatment), which are referred to as Si(111)-H, Si(111) and Si(111)-Sb, 

respectively.23–26 On all the surfaces the rhombohedral chalcogenides, when 

described with hexagonal axes, grow exclusively with the [00.1] axis perpendicular 

to the surfaces (‘out-of-plane’). However, for the ‘in-plane’ directions the epitaxy 

proceeds remarkably different for Si(111)-H compared with Si(111)-Sb, even though 

the films have atomically sharp interfaces and single preferred orientation from 

XRD φ-scans.20,22,27 While for films on Si(111)-H randomly twisted domains occur, 

these are strongly suppressed towards single-crystalline character for Si(111)-Sb, 

implying that the substrate surface termination plays a dominant role for the 

quality of such chalcogenide films. In general, these results illustrate how the 

surface chemistry can affect the epitaxy of chalcogenides, which are of general 

interest for films used in many disciplines of materials science and physics. 

6.2 Results and Discussion 

Figure 6.1 (a) illustrates the schematic cross-sectional structures of the studied 

GeTe and Sb2Te3 samples, while Figure 6.1 (b) and (c) show the corresponding 

experimental TEM micrographs, respectively.  The indicated axes are hexagonal, 

where a-axis or [10.0] is aligned in-plane to Si [1-10] and c-axis or [00.1] is aligned 

out-of-plane to Si [111], which is the predominant orientation relation of such films 

as evidenced by XRD.20,22,27,28 The Si surface before growth is either Si(111)-H, 

Si(111) or Si(111)-Sb. This termination is not shown in these figures, however, since 

it is not clear at this stage if it remains stable after growth. Nevertheless, previous 

investigations indicate that the 7×7 bare surface as well as the Sb-termination 

remain stable after deposition.16,20 From Figures 6.1 (b) and (c) it is observed that 

these films are fully crystalline with atomically sharp interfaces when grown on 



6. Tailoring the epitaxy of Sb2Te3 and GeTe thin films using surface passivation 

126 

Si(111)-Sb, illustrating the high-quality epitaxial growth achieved for these samples. 

This is also evident from previous studies with GeTe grown on Si(111)-H.22 

Although this conclusion is tempting from these experimental cross-section TEM 

results, in the following discussion with plan-view TEM it is shown that the quality 

of the films is highly sensitive to the single-atomic layer surface termination of the 

substrate. 

The plan-view schematics of the studied samples are illustrated in Figure 6.2, 

where Figure 6.2 (a) illustrates the real-space view of Si(111)-Sb2Te3. When viewing 

the samples in SAED along Si [111] or chalcogenide [00.1] the relevant reflections 

are schematically indicated in Figure 6.2 (b) on the left. The black spots correspond 

to the substrate’s cubic <2-20> (note that <1-10> spots are forbidden) and the blue 

and red to the film’s hexagonal <10.0> and <11.0>, respectively. The film’s <10.0> 

reflections are also forbidden for the expected Sb2Te3 and GeTe structures,29,30 but 

they are reported to occur for Bi2Se3 and Bi2Te3, which are isostructural to Sb2Te3 

and are possibly related to defects in the bulk or at the surfaces.31 Figure 6.2 (b) on 

the right shows the convoluted double-diffraction pattern of the substrate <2-20> 

and film <11.0>, which occurs due to multiple electron scattering if the electron 

beam passes through both crystals. This is shown for the experimental Ø 140 nm 

SAED of a Si(111)-Sb2Te3 sample in Figure 6.2 (c), grown on Si(111)-Sb. As 

described, the double diffraction pattern of substrate and film is clearly observed 

and the substrate <1-10> and film <10.0> spots are not detected. The moiré 

interference lattice, which is schematized as in real-space in Figure 6.2 (a) and 

experimentally observed in reciprocal space in Figure 6.2 (c), is then given by the 

inner set of reflections in Figure 6.2 (b). 
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Si(111)-Sb2Te3Si(111)-GeTe

 

Figure 6.1: (a) Cross-sectional schematics of the studied samples. (b) GeTe and (c) Sb2Te3 films 

grown on Si(111)-Sb, showing atomically sharp interfaces, as seen in cross-section TEM. 
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Si(111)-Sb2Te3

(a)

(b)

(c)

 

Figure 6.2: (a) Plan-view schematics of the studied samples. (b) Left: SAED spots of Si (black, cubic 

axes) and Sb2Te3 or GeTe (red and blue, hexagonal axes) when viewed along [00.1], where <10.0> 

reflections are forbidden for Sb2Te3 and GeTe.29,30 Right: double-diffraction pattern due to multiple 

scattering from substrate and film. (c) Experimental Ø 140 nm SAED  of Si and Sb2Te3 along [00.1] 

showing the double-diffraction pattern. 
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Figures 6.3 (a), (b) and (c) show the plan-view TEM and Figures 6.3 (d), (e) and 

(f) the Ø 2.5 μm SAED results of Sb2Te3 crystals epitaxially grown on Si(111)-H, 

Si(111) and Si(111)-Sb, respectively. Even though these films have atomically sharp 

interfaces and are highly textured and oriented to the Si(111) substrate, of which the 

films on Si(111)-H and Si(111)-Sb show single peaks in XRD φ-scans,20 the poly-

crystal morphology and domain boundaries are clearly resolved. The film grown on 

Si(111)-H in Figure 6.3 (a) contains voids, as seen by the bright spots highlighted by 

white circles. This is not observed for films grown on Si(111) and Si(111)-Sb, which 

indicates that these surfaces have stronger interaction with the film than Si(111)-H. 

An estimate of the domain sizes by counting boundaries along line scans gives ~70 

nm, ~50 nm and ~120 nm for Si(111)-H, Si(111) and Si(111)-Sb, respectively, 

indicating that the bare Si(111) surface is more reactive providing a higher 

nucleation density than Si(111)-H. This can be attributed to the higher density of 

dangling bonds on the surface. The SAED pattern in Figure 6.3 (d) for the film on 

Si(111)-H shows diffraction rings on which the intensity is highest along the Si <2-

20>, meaning that many in-plane randomly oriented domains have formed besides 

the predominant <2-20>||<11.0> in-plane orientation. For films grown on bare 

Si(111) and Si(111)-Sb these randomly oriented domains are strongly suppressed, 

although they do occur occasionally for the latter substrate. This is consistent with 

the previous statement that bare Si(111) and Si(111)-Sb have stronger interaction 

with the substrate than Si(111)-H. Thus the epitaxial Sb2Te3 growth, and that of 

similar vdW materials, can drastically be altered by the single atomic layer surface 

termination. The findings imply that the surface termination plays a dominant role 

in the epitaxy of such chalcogenides and that vdW epitaxy is not always preferable. 

As shown by the results of films grown on Si(111)-H, poor interaction limits domain 

orientation preference as well as nucleation. 



6. Tailoring the epitaxy of Sb2Te3 and GeTe thin films using surface passivation 

130 

Si(111)-H + Sb2Te3 Si(111) + Sb2Te3 Si(111)-Sb + Sb2Te3

 

Figure 6.3: Real-space TEM images of Sb2Te3 grown on (a) Si(111)-H, (b) Si(111) and (c) Si(111)-Sb, 

respectively, while (d), (e) and (f) show their corresponding Ø 2.5 μm SAED patterns. The white circles 

indicate voids in the film grown on Si(111)-H. 

Surprisingly, a similar effect of improved epitaxy was found for the growth of 

GeTe for different surface terminations of the Si(111) substrate.22,27,28 Contrary to 

Sb2Te3, GeTe can rather be considered a 3D bonded material, which lacks vdW gaps 

due to its electronic valence and has a strong tendency to form rhombohedral twin 

structures.32,33 Also here, Figures 6.4 (a) and (b) show the plan-view TEM and 

Figures 6.4 (c) and (d) the Ø 2.5 μm SAED results of GeTe crystals epitaxially 

grown on Si(111)-H and Si(111)-Sb, respectively. The TEM of Figures 6.4 (a) and (b) 

show that the films completely cover the substrate, but that the morphology of the 

films is less homogeneous than for the case of Sb2Te3, which results possibly from 

the different {111} twin orientations of the crystal.27,33 A remarkable 

crystallographic difference of the films is observed in the SAED patterns in Figures 

6.4 (c) and (d). While the film grown on Si(111)-H has randomly oriented twist 

domains (in-plane), the domains for films on Si(111)-Sb rigorously orient with the 

Si(111) substrate. Thus, also in the case of GeTe the single atomic layer termination 
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drastically changes the epitaxial quality of the films. It is for this reason such high-

quality GeTe films could be used for ARPES measurements, revealing the Rashba 

spin-splitting in GeTe.10,11 

Si(111)-H + GeTe Si(111)-Sb + GeTe

 

Figure 6.4: Real-space TEM images of GeTe grown on (a) Si(111)-H and (b) Si(111)-Sb, while (c) and 

(d) show their corresponding Ø 2.5 μm SAED patterns. 

Figure 6.5 (a) and (b) show extracted polar plots from the <11.0> SAED 

reflections of Figures 6.3 (d), (e) and (f) and Figures 6.4 (c) and (d), respectively, 

where the Si<2-20> spots are positioned at 30° + 60° × n. Note that the figures 

have to be read with caution, as additional peaks could result from double 

diffraction. Figure 6.5 (a) shows that Sb2Te3 aligns itself with the Si(111) substrate 

with <2-20>||<11.0>, but that other twist reflections occur for the Si(111)-H and 

Si(111)-Sb passivated substrates. The results for bare Si(111) and Si(111)-Sb appear 

to be similar at this scale, but XRD scans over mm-sized areas show that significant 

amounts of ±16° and ±6.7 twists are present in case of Si(111) (and not in case of 
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Si(111)-Sb).20 Also, the inset of Figure 6.5 (a) shows the extracted polar plots from 

the <10.0> SAED reflections of Figures 6.3 (d), (e) and (f), which should be 

forbidden for the Sb2Te3 structure.29 While these spots are clearly observed for the 

film on bare Si(111), they become progressively weaker for Si(111)-H and Si(111)-Sb. 

So, as these spots are possibly associated with defects,31 the results in Figure 6.5 (a) 

show that the films on Si(111)-Sb have the highest quality from the twist orientation 

and defect point of view. Figure 6.5 (b) shows that also GeTe aligns itself with the 

Si(111) substrate with <2-20>||<11.0>, although it appears relatively weak for the 

film on Si(111)-H. Nevertheless this is the predominant orientation relation as is 

evidenced by previous XRD results.22 Thus, in both cases of Sb2Te3 and GeTe the 

single Sb atomic layer drastically improves the epitaxial quality of the films.  

At higher resolutions additional structural information from the films can be 

extracted. Figure 6.6 (a) shows an example of the domain structure of GeTe grown 

on Si(111)-Sb, where moiré interference is seen due to transmission through two 

crystals with different lattice constants. Using then the lattice distances d1 and d2, 

corresponding to the distances of the substrate’s <2-20> and film’s <11.0> spacing 

(see Figure 6.2 (b)), the expression for the moiré spacing dM is given by Equation 

(6.1). From this, the twist between substrate and film can be extracted and is 

indicated in the figure. It is seen, as the diffraction pattern in Figure 6.4 (d) also 

indicates, that most of the domains have a small-angle twist. Such small-angle twist 

in between domains has the consequence that the boundaries have threading 

patterns due to formation of dislocations, which could locally change the band 

structure due to strain.34 Note that even though Figure 6.6 (a) is an example with 

GeTe, the moiré interference can be observed for all films. This implies that when 

the twist angles are small, the boundaries can locally change the band structure for 

both Sb2Te3 and GeTe. Figure 6.6 (b) shows an additional phenomenon of 

transrotational domains, observed in the GeTe film grown on Si(111)-H. Such 

domains typically occur when the film’s onset of growth is in the amorphous phase 

and later crystallizes, which is consistent with previous observations.22 These 

transrotational domains are absent for GeTe grown on Si(111)-Sb because the film 

directly grows in the crystalline phase.21 
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Figure 6.5: (a) Polar plots extracted from the Sb2Te3 hexagonal <11.0> reflections of Figure 6.3 The 

inset shows the average intensity of the <10.0> reflection. (b) Polar plots extracted from GeTe 

hexagonal <11.0> or cubic Si <2-20> reflections of Figure 6.4. 

 

𝑑𝑑𝑀𝑀 =
𝑑𝑑1𝑑𝑑2

�𝑑𝑑12 + 𝑑𝑑22 − 2𝑑𝑑1𝑑𝑑2 cos 𝜃𝜃1
 

(6.1) 
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(a)

(b)

 

Figure 6.6: (a) Moiré interference due to the substrate and film lattice and orientation mismatch for 

Si(111)-Sb + GeTe. From the moiré lattice spacing and orientation the twists of the different domains 

can be found and they are indicated in the image. (b) Transrotational domain formed in GeTe for 

Si(111)-H + GeTe, which indicate that the film grew initially amorphous and crystallized during 

growth. 
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The results illustrate how the epitaxy of Sb2Te3 and GeTe can be profoundly 

affected by the single atomic layer at the substrate surface. The film morphology, 

occurrence of voids and in-plane twist orientation is significantly altered. This 

implies that the substrate termination plays a dominant role for the epitaxy of these 

materials. One of the important implications, contrary to the current prevailing 

opinion in the field, is that passive, i.e. non-reactive, surfaces are poor candidates 

to achieve chalcogenide thin film growth, because they have been argued best for 

the case of vdW epitaxy.13–15 This is even more so illustrated for Sb2Te3 growth on 

different kinds of graphene substrates, which are more inert than the current 

surfaces, where the films show even a wider distribution of crystallites in the AFM 

micrographs.35 Thus the counterpart of the relaxed lattice matching condition due 

to weaker bonding, as argued by Koma,13 is that it impedes nucleation and 

orientation of the resulting film. This becomes particularly important if highly-

oriented crystalline films are required for e.g. angle-resolved photo-emission 

spectroscopy,10,11 high-mobility films27 or micrometer sized devices.36 

The results also show that, while the Sb2Te3 and GeTe films grown on both 

Si(111)-H and Si(111)-Sb show single peaks in laboratory XRD φ-scans,20,22,27 which 

have been considered indicative for the films’ single crystalline character, the films 

have in-plane twisted polycrystalline structures and they differ largely as seen in 

plan-view TEM and SAED. This illustrates that XRD data obtained from such type 

of films should always be interpreted with caution because the microstructural 

details are averaged out. The small-angle twist domains, which occur for both 

Sb2Te3 and GeTe on Si(111)-Sb, have the consequence that dislocation lines are 

formed in the c-direction to accommodate the mismatch, see Figure 6.6 (a). Such 

dislocations induce strain fields in the film which can act as scattering points on the 

surface and change the local band structure, as has been shown for the case of 

Bi2Se3.34 This phenomenon of associated strain fields is another intrinsic subtlety of 

such films which has to be accounted for. 

In the current work the films grown on Si(111)-Sb show the best quality in terms 

of in-plane twist orientation. However, it remains unclear what the exact role of Sb 

is in the epitaxy of these materials and further study may be necessary. It is 

interesting to note that for the case of GeTe this epitaxy has been carefully analyzed 
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using RHEED.21 In this previous work it is found that the ordered Peierls distortion 

of GeTe is prevented at growth onset and that the in-plane lattice constant is 

initially larger than that for the bulk value. One of the hypotheses in that work is 

that Sb actually mixes to form a GST phase, as described in another work,37 and 

thereby coordinates the epitaxy of the crystallites. This scenario has to be further 

analyzed to resolve the role of Sb on the epitaxy of such chalcogenides. 

6.3 Conclusions 

In conclusion, this work shows plan-view TEM and SAED results of epitaxial 

Sb2Te3 and GeTe films grown with MBE on different surfaces of Si(111). The results 

reveal that for both cases the epitaxy is drastically affected in terms of film 

morphology and crystallinity depending on the single atomic layer surface 

termination of the substrate. While for growth of these materials on Si(111) the 

primary crystalline orientation is <2-20>||<11.0>, it is shown that randomly 

twisted domains occur with highest frequency in the order of Si(111)-H + Sb2Te3 > 

Si(111)-Sb + Sb2Te3 > Si(111) + Sb2Te3 for Sb2Te3 and Si(111)-H + GeTe > Si(111)-Sb 

+ GeTe for GeTe. This implies that Sb functionalization of the substrates 

significantly improves epitaxy for these and similar materials and that a passive 

surface, as in the case of H passivation, is not always preferred for highly oriented 

film growth. Also, since the random twist domain frequency Si(111)-Sb + Sb2Te3 > 

Si(111)-Sb + GeTe, these results suggests that for the epitaxial growth of 

GeTe/Sb2Te3 superlattices on Si(111)-Sb it may be preferable, contrary to current 

practice, to start the growth with GeTe. In the present work, it has not become clear 

what the exact role of Sb is on the Si surface to explain the improved quality of 

films and further research for this is necessary. Additionally, it is discussed that 

large scale XRD results should be interpreted with caution, as they could lack 

resolution or could average out microstructural details. In general this work 

highlights the effect of the surface preparation on thin film epitaxy of 

chalcogenides, which is an important step in realizing application of these novel 

electronic materials. 
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6.4 Experimental Section 

The Si(111) substrate preparation and MBE growth of Sb2Te3 and GeTe are detailed 

in previous publications.20,22,27 The plan-view TEM specimen are prepared by 

mechanical grinding and Ar-polishing using a Gatan PIPS II (Gatan Inc., 

Pleasanton, California). The TEM and SAED results in this work are obtained using 

a JEOL 2010 (JEOL Ltd., Tokyo, Japan) and the crystal structures are illustrated 

using the VESTA software package.38 
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Summary 

Phase-change materials based on GeSbTe show unique switchable optoelectronic 

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

memories. They are particularly attractive as a universal storage-class memory, 

which is an intermediate solution having properties between the speed of DRAM 

and non-volatility of Flash. Their change in dielectric properties is currently also 

being exploited for novel optical applications such as displays and photonic 

memories, having possibilities such as smart glasses and displays and non-von-

Neumann computing. In 2011 a breakthrough was established in the field of phase-

change memories when it was shown that growing GeTe and Sb2Te3 superlattices 

showed significantly improved performance compared with conventional mixed 

GeSbTe alloys, having lower programming currents, higher switching speed and 

better durability. Although the details were unclear then, this improvement was 

ascribed to a switching mechanism that happened within the solid state of the 

material. To grow and understand such superlattices has been an important 

motivation for the EU PASTRY project and this thesis, where the research was 

conducted with 6 independent partners. Our contribution as a partner and thus 

this thesis focuses particularly on the structural characterization of GeTe-Sb2Te3 

superlattices using transmission electron microscopy. Different growth techniques 

have been applied, including the high-quality research oriented molecular beam 

epitaxy and industrially applicable sputtering physical vapor deposition. 

Chapter 1 starts out with introducing the thesis’ research in the context of 

phase-change materials and phase-change memory applications, although the 

material class is certainly relevant for other fields such as thermoelectrics and 

topological insulators. It describes how, historically, Te based alloys were 

discovered to show electrical resistance switching phenomena after which the most 

common phase-change alloy GeSbTe is discussed. The chapter continues to discuss 

the crystallographic structures and bonding anisotropy of GeSbTe, particularly on 

the GeTe-Sb2Te3 tie-line, which turned out to be necessary prerequisites for 
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understanding the growth of epitaxial phase-change materials. The chapter finishes 

with an outline of this thesis and a short introduction of the following chapters. 

Chapter 2 continues with the experimental methods which are relevant for this 

thesis and is split up into two parts. The first part treats some of the general aspects 

of high-energy electron characterization and continues with transmission electron 

microscopy techniques which are relevant for the work in this thesis. High 

resolution transmission electron microscopy and scanning transmission electron 

microscopy are then discussed in detail. The second part then continues with 

specimen preparation for the transmission electron microscope, which is at least 

equally important to obtain useful results and meaningful analyses. In the end the 

specific specimen preparation recipes are outlined, which could be used as a 

reference for future work. 

In Chapter 3 the first successful analyses of epitaxial GeTe-Sb2Te3 superlattices 

are shown, as performed in this project, establishing the essential research 

techniques paramount for this thesis. The growth and characterization of the 

samples is done by molecular beam epitaxy and cross section transmission electron 

microscopy, respectively. Although the GeTe or Sb2Te3 sublayer thicknesses applied 

are relatively thick, between 3 nm and 12 nm, the techniques mark an important 

step for the continued development of ~1 nm thinner layers, necessary for 

superlattice phase-change memories. Two types of Si(111) surfaces were used, the 

bare (7×7) reconstructed surface and complete Sb-terminated surface. It is shown 

that highly-textured multi-layers can be grown and that compositional analysis 

based on energy dispersive X-ray spectroscopy allows accurate quantification of the 

average GeTe and Sb2Te3 sublayer thicknesses. 

The results in Chapter 4 mark a successful breakthrough in the field of 

superlattice phase-change memories, as they show that both high-quality growth 

and characterization can be performed. Also, they shed new light on the interface 

formation between GeTe and Sb2Te3, contradicting some of the previously 

proposed models in the literature. Epitaxial GeTe-Sb2Te3 superlattices were grown 

on passivated Si(111) at temperature ranging from 210°C to 230°C using molecular 

beam epitaxy and sputtering physical vapor deposition, and they have been 

characterized particularly with cross-sectional transmission electron microscopy. 
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Contrary to the previously proposed models, it is found that the state of the films 

actually crystallizes as van der Waals bonded layers (i.e. a van der Waals 

heterostructure) of Sb2Te3 and trigonal GeSbTe. Moreover, it is shown by annealing 

the films at 400°C, which reconfigures the superlattice into bulk trigonal GeSbTe, 

that this van der Waals layer is thermodynamically favored. These results are 

explained in terms of the bonding anisotropy of GeTe and Sb2Te3 and the strong 

tendency of these materials to intermix. The findings thus debate the previously 

proposed switching mechanisms of superlattice phase-change materials and give 

new insights in their possible memory application. 

Chapter 5 then extensively and quantitatively characterized the van der Waals 

layer distribution in GeTe-Sb2Te3 superlattices, both their formation after MBE 

growth at 230 °C and after annealing at 250 °C, 300 °C and 400 °C. The thermal 

reconfiguration is also particularly important in the context of the vacancy ordering 

process in GeSbTe, which is responsible for both an electronic metal-insulator 

transition and a structural cubic-to-trigonal transition. GeTe-Sb2Te3 based 

superlattices, as shown in the previous chapter, provide an interesting platform for 

the study of GeSbTe alloys. It is shown that the van der Waals gaps in these 

superlattices, which 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. 

In Chapter 6 the epitaxy of exemplary chalcogenides Sb2Te3 and GeTe on 

different surfaces of Si(111) with atomically sharp interfaces is presented and 

compared using plan-view transmission electron microscopy and electron 

diffraction. It is shown that depending on the monolayer surface termination the 

resulting films present drastic differences in terms of film morphology and 

crystallinity. In particular, a profound difference is found between the films grown 

on H-passivated and Sb-passivated surfaces. In both cases, the out-of-plane texture 
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is strongly c-axis oriented, but the case of Si(111)-H shows the frequent occurrence 

of random in-plane twist for both films, while for Si(111)-Sb this is strongly 

suppressed. The role of the substrate-film interface for the epitaxy is discussed and 

the consequences for the properties of the films are highlighted. In general, the 

insights of these results shed light on chalcogenide thin film growth for topological 

insulator, ferroelectric, thermoelectric and phase-change materials research. 

Hence, the work in this thesis has demonstrated several important aspects of 

the growth of nanostructured GeTe-Sb2Te3 phase-change materials. One of the 

findings is that these superlattices, when grown in the epitaxial regime, actually 

form superlattices of Sb2Te3 and trigonal GeSbTe van der Waals layers. The 

proposed structure proves a good starting point for unraveling the switching 

mechanism of GeTe-Sb2Te3 superlattices. Also, this implication opens another 

option for the growth of these materials by directly depositing Sb2Te3 and trigonal 

GeSbTe, which is a route pursued by some of our partners. The other important 

finding of this work is the thermal reconfiguration of the superlattices into the 

mixed GeSbTe alloy. It shows the thermal balance which has to be maintained 

during growth, where on the one side high temperature is needed to achieve high-

quality textured films, but on the other hand not too high as to avoid complete 

mixing. Also, in industrial implementation of such materials this thermal 

reconfiguration poses a difficulty, as many production line techniques do require 

high temperature in their production steps. And finally, although the switching 

mechanism of superlattice phase-change memories is not resolved during the time 

of this project, and new hypotheses have been proposed in the field, HAADF 

scanning transmission electron microscopy proves essential to unravel the 

mechanism. In order to unravel the (two) distinct memory structures, very delicate 

and advanced specimen preparation techniques should be used of actual devices 

using particularly the focused ion beam, where care should be taken not to heat the 

specimen too much. This still remains an open question for future research. 
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Samenvatting 

Phase-change materialen op basis van GeSbTe vertonen unieke omschakelbare 

opto-elektronische eigenschappen en zijn een belangrijke kandidaat voor de 

volgende generatie niet-vluchtige geheugencellen. Ze zijn in het bijzonder 

aantrekkelijk als een universeel opslag-klasse geheugen, wat een oplossing is met 

de eigenschappen die liggen tussen de snelheid van DRAM en de niet-vluchtigheid 

van Flash. Hun verandering in diëlektrische eigenschappen wordt momenteel ook 

gebruikt voor nieuwe optische toepassingen zoals displays en fotonische 

geheugencellen, met mogelijkheden zoals “smart” brillen, “smart” displays en niet-

von-Neumann gegevensverwerking. In 2011 werd een doorbraak op het gebied van 

phase-change geheugens behaald, wanneer aangetoond werd dat geheugencellen 

die als superroosters van GeTe en Sb2Te3 gegroeid waren aanzienlijk verbeterde 

prestaties vertoonden in vergelijking met geheugencellen bestaande uit 

conventionele gemengde GeSbTe-legeringen, waaronder lagere programmeer-

stromen, hogere schakelsnelheden en verbeterde duurzaamheid. Hoewel de details 

nog onduidelijk waren, werd deze verbetering toegeschreven aan een 

schakelmechanisme dat in de vaste toestand van het materiaal plaats vond. Het 

groeien en begrijpen van dergelijke superroosters is een belangrijke motivatie 

geweest voor het EU PASTRY project en dit proefschrift, waarvan het onderzoek is 

uitgevoerd met 6 onafhankelijke partners. Onze bijdrage als partner, en dus dit 

proefschrift, richt zich vooral op de structurele karakterisatie van GeTe-Sb2Te3 

superroosters met behulp van transmissie elektron microscopie. Verschillende 

groeitechnieken zijn toegepast, waaronder de hoogwaardige onderzoeks-

georiënteerde moleculaire bundel epitaxy en industriëel toepasselijke sputter 

fysieke dampafzetting. 

Hoofdstuk 1 begint met het introduceren van het onderzoek van het proefschrift 

in het kader van phase-change materialen en phase-change geheugentoepassingen, 

hoewel de klasse materialen zeker relevant is voor andere velden zoals thermo-

elektrische materialen en topologische isolatoren. Het beschrijft hoe, historisch 

gezien, elektrische weerstands-verschuivende verschijnselen in Te-gebaseerde 
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legeringen werden ontdekt, waarna de meest voorkomende phase-change legering 

GeSbTe wordt besproken. In het hoofdstuk wordt verder gesproken over de 

kristallografische structuren en anisotropie in de elektronische binding van 

GeSbTe, in het bijzonder op de GeTe-Sb2Te3 verbindingslijn, wat een noodzakelijke 

voorwaarde is voor het begrijpen van de groei van epitaxiale phase-change 

materialen bleek te zijn. Het hoofdstuk eindigt met een overzicht van dit 

proefschrift en een korte introductie van de volgende hoofdstukken. 

Hoofdstuk 2 gaat verder met de experimentele methodes die relevant zijn voor 

dit proefschrift en is verdeeld in twee delen. Het eerste deel behandelt enkele van 

de algemene aspecten van hoge energie elektron karakterisatie en gaat verder met 

transmissie elektron microscopie technieken die relevant zijn voor het werk in dit 

proefschrift. Hoge-resolutie transmissie elektron microscopie en scanning 

transmissie elektron microscopie worden vervolgens in detail besproken. Het 

tweede deel gaat dan in op het voorbereiden van preparaten voor de transmissie 

elektron microscoop, wat minstens even belangrijk is om nuttige resultaten en 

zinvolle analyses te verkrijgen. Op het einde worden de specifieke 

preparatierecepten beschreven, die als referentie voor toekomstig werk kunnen 

worden gebruikt. 

In hoofdstuk 3 worden de eerste succesvolle analyses van epitaxiale GeTe-

Sb2Te3 superroosters getoond, zoals uitgevoerd in dit project, waarbij de essentiële 

onderzoekstechnieken voor dit proefschrift tot stand gebracht worden. De groei en 

karakterisatie van de preparaten is uitgevoerd door respectievelijk moleculaire 

bundel epitaxy en cross-sectie transmissie elektron microscopie. Hoewel de diktes 

van GeTe of Sb2Te3 sublagen relatief dik zijn, nl. tussen 3 nm en 12 nm, blijken de 

technieken een belangrijke stap voor de voortgezette ontwikkeling van dunnere ~ 1 

nm sublagen, die nodig zijn voor superrooster phase-change geheugencellen. Twee 

soorten Si(111) oppervlakken werden gebruikt, het kale (7×7) gereconstrueerde 

oppervlak en het volledige Sb-getermineerde oppervlak. Er wordt aangetoond dat 

sterk getextureerde multi-lagen kunnen worden gegroeid en dat de compositie 

analyse gebaseerd op energie dispersieve Röntgen spectroscopie nauwkeurige 

kwantificering van de gemiddelde GeTe en Sb2Te3 sublaag diktes toelaat. 
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De resultaten in hoofdstuk 4 markeren een succesvolle doorbraak op het 

onderzoeksgebied van superrooster phase-change geheugencellen, gezien ze 

aantonen dat zowel hoogwaardige groei als karakterisatie kunnen worden 

uitgevoerd. Ook werpen ze nieuw licht op de interface formatie tussen GeTe en 

Sb2Te3, in tegenspraak met sommige van de eerder voorgestelde modellen in de 

literatuur. Epitaxiale GeTe-Sb2Te3 superroosters werden op gepassiveerd Si(111) 

gegroeid bij temperaturen variërend van 210 °C tot 230 °C met moleculaire bundel 

epitaxy en sputter fysieke dampafzetting en zijn voornamelijk gekarakteriseerd met 

cross-sectie transmissie elektron microscopie. In tegenstelling tot de eerder 

voorgestelde modellen blijkt dat de grondtoestand van de dunne lagen eigenlijk 

kristalliseert als van der Waals gebonden lagen (dat wil zeggen een van der Waals 

heterostructuren) van Sb2Te3 en trigonale GeSbTe. Bovendien wordt aangetoond 

door de dunne lagen te gloeien bij 400 °C, wat de superrooster reconfigureert naar 

de gemengde legering van trigonale GeSbTe, dat deze van der Waals laag 

thermodynamisch gunstigst is. Deze resultaten worden uitgelegd in termen van de 

elektronische binding anisotropie van GeTe en Sb2Te3 en de sterke neiging van deze 

materialen om te mengen. De bevindingen bekritiseren daarom de eerder 

voorgestelde schakelmechanismen van superrooster phase-change materialen en 

geven nieuwe inzichten in hun mogelijke geheugencellen toepassing. 

Hoofdstuk 5 kenmerkte vervolgens uitgebreide en kwantitatieve karakterisatie 

de van der Waals laagverdeling in GeTe-Sb2Te3 superroosters, in zowel hun 

vorming na MBE-groei bij 230 °C als na het gloeien bij 250 °C, 300 °C en 400 °C. 

De thermische reconfiguratie is ook bijzonder belangrijk in het kader van het 

vacature-migratieproces in GeSbTe, die verantwoordelijk is voor zowel een 

elektronische metaal-isolatorovergang als een structurele kubische naar trigonale 

faseovergang. GeTe-Sb2Te3 gebaseerde superroosters, zoals getoond in het vorige 

hoofdstuk, vormen hierdoor een interessant platform voor de studie van GeSbTe-

legeringen. Het wordt aangetoond dat de van der Waals gaps in deze superroosters, 

die het gevolg zijn van vacaturemigratie, mobiel zijn en zich door de film kunnen 

reconfigureren, gebruikmakend van bi-laagdefecten en Ge diffusie bij gloeien onder 

hogere temperaturen. Bovendien blijkt dat voor een gemiddelde samenstelling die 

dicht bij GeSb2Te4 ligt, een groot deel van 9-laags van der Waals systemen wordt 
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gevormd, wat suggereert dat nog steeds een aanzienlijke hoeveelheid willekeurige 

vacatures aanwezig moeten zijn in de trigonale GeSbTe lagen. Over het algemeen 

verlichten deze resultaten de structurele organisatie van de van der Waals gaps die 

vaak voorkomen in GeSbTe-legeringen, die nauw verbonden zijn met hun 

elektronische eigenschappen en de metaal-isolator overgang. 

In hoofdstuk 6 wordt de epitaxy van voorbeeldige chalcogeniden Sb2Te3 en GeTe 

op verschillende oppervlakken van Si(111) met atoomscherpe interfaces 

gepresenteerd en vergeleken met behulp van plan-view transmissie elektron 

microscopie en elektron diffractie. Er wordt aangetoond dat de resulterende dunne 

lagen drastische verschillen in termen van filmmorfologie en kristalliniteit hebben 

afhankelijk van de monolaag oppervlakterminatie. In het bijzonder wordt een 

enorm verschil gevonden tussen de films die op H-getermineerde en Sb-

getermineerde oppervlakken worden gegroeid. In beide gevallen is de out-of-plane 

textuur sterk c-as georiënteerd, maar het geval van Si(111)-H toont het frequente 

voorkomen van willekeurige in-plane rotatie van de kristallen voor beide films, 

terwijl voor Si(111)-Sb dit sterk wordt onderdrukt. De rol van de substraat-film 

interface voor de epitaxy en de gevolgen voor de eigenschappen van de films 

worden wordt besproken. Over het algemeen werpen deze resultaten inzicht op de 

groei van chalcogenide dunne lagen voor topologische isolatoren, ferro-elektrische 

en thermo-elektrische materialen en phase-change materiaalonderzoek. 

Vandaar dat het werk in dit proefschrift verschillende belangrijke aspecten van 

de groei van nanostructureerde GeTe-Sb2Te3 phase-change materialen heeft 

belicht. Een van de bevindingen is dat deze superroosters, wanneer ze in het 

epitaxiale regime worden gegroeid, eigenlijk superroosters vormen van Sb2Te3 en 

trigonale GeSbTe van der Waals lagen. Deze voorgestelde structuur is een goed 

uitgangspunt voor het ontrafelen van het schakelmechanisme van GeTe-Sb2Te3 

superroosters. Ook opent deze implicatie een andere manier voor de groei van deze 

materialen door Sb2Te3 en trigonale GeSbTe direct te deponeren, wat een route is 

die door sommige van onze partners reeds wordt nagestreefd. De andere 

belangrijke bevinding van dit werk is de thermische reconfiguratie van de 

superroosters in de gemengde GeSbTe legering. Het geeft de thermische balans 

weer die tijdens de groei moet worden gehandhaafd, waarbij aan de ene kant hoge 
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temperaturen nodig zijn om hoogwaardige textuur te verkrijgen, maar anderzijds 

niet te hoog om volledige vermenging te vermijden. Ook bij industriële 

implementatie van dergelijke materialen vormt deze thermische reconfiguratie een 

probleem, aangezien veel productietechnieken hoge temperaturen in hun productie 

stappen nodig hebben. En tenslotte, hoewel het schakelmechanisme van 

superrooster phase-change geheugencellen niet is opgelost tijdens de periode van 

dit project en er nieuwe hypothesen zijn voorgesteld in het veld, blijkt dat HAADF-

scanning transmissie elektron microscopie essentieel is om het mechanisme te 

ontrafelen. Om de (twee) afzonderlijke geheugentoestanden te ontrafelen, moeten 

zeer delicate en geavanceerde preparatietechnieken worden gebruikt van werkelijke 

geheugencellen, met name met behulp van de gefocusseerde ionbundel, waarbij 

zorg moet worden genomen om het preparaat niet teveel te verhitten. Dit blijft een 

open vraag voor toekomstig onderzoek. 
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