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Abstract 
In this thesis the growth and characterization of Sb2Te3 thin films and GeTe/Sb2Te3 superlattices is studied 
using particularly transmission electron microscopy (TEM) to develop interfacial phase change memory 
(IPCM). Multiple thin films and superlattice structures were grown using both molecular beam epitaxy 
(MBE) and sputtering physical vapor deposition (PVD), which were subsequently analyzed by cross-
section TEM. It was found that the growth of 2D materials like the topological insulator (TI) Sb2Te3 
formed rotational domains with the coincidence site lattice of the 3D Si(111) substrate, which has a 7x7 
reconstructed surface, and that passivation of this surface with (√3x√3)R30°-Sb removed the occurrence 
of such domains. TEM results showed that the Sb monolayer formed a van der Waals (vdWaals) bond 
with the subsequently deposited quintuple layers (QL), and this type of bonding remained present even 
after thermally driven layer reconfiguration, illustrating the reason for improved epitaxy. Using this 
knowledge, it was possible to grow high-quality and crystallographically matched superlattice structures, 
which were then imaged in great detail. It was additionally found that during deposition, the superlattice 
structure is not deposited as strict GeTe and Sb2Te3 phases, as has been proposed by some theoretical 
results, but rather phase intermixing occurred, forming SbTe2-(GeTe)m blocks, of which the crystal 
structure is intricately related to the so called “Kooi” structure. Annealing of the superlattices has shown 
that the system prefers to reconfigure itself into a 7 or 9 layered vdWaals structure, as expected for 
conventional Ge1Sb2Te4 and Ge2Sb2Te5 alloys, but EDX and Z-contrast images showed that this could not 
directly happen. Despite the efforts, electronic switching in the superlattice structures was not yet 
observed, most probably due to too large GeTe sublayer thicknesses. Next to the strategy of reducing the 
sublayer-thickness during growth, which might complicate the deposition mechanism, it is proposed to 
also study the thermally driven layer reconfiguration mechanism in more detail (with respect to time or 
temperature) of compositionally engineered large sublayer-thickness superlattices to reduce the ‘effective’ 
GeTe thickness, possibly also in the end resulting in superlattices allowing switching. 
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1. Introduction 

1.1 Interfacial phase change memory 
Chalcogenide crystals and glasses are of high scientific and industrial interest due to their extraordinary 
amorphous-crystalline phase change abilities [1-4] and optical properties [5], as e.g. exploited in memory 
applications. Additionally, these materials are of interest because of their thermoelectric abilities [6, 7] and 
their recently discovered topological insulator states [8-10]. In the “phase-change” community, the 
materials of interest are particularly associated with the ternary phase diagram of Ge, Sb and Te (GST) 
and can be switched between the amorphous and crystalline phases with remarkable functional properties. 
These include high electrical/optical contrast between the phases, short switching time (500 ps record [4]), 
high amorphous phase stability (e.g. stable for 10 years at 85 °C) and many others. These materials are 
called “phase-change materials” (PCMs) and these properties are the reason that such materials have been 
successfully applied in rewritable optical recording media used in CD, DVD and Blu-Ray technology. 
Nowadays, they are intensely researched as potential candidates to replace the popular FLASH and 
DRAM memory [11]. The high switching speed, endurance and thermal stability (non-volatility) makes 
them potentially suited to function as universal memories [12]. With the advent of topological insulators, 
it has become clear that also the ternary GST alloy has non-trivial topological insulating nature, depending 
on the material microstructure and environmental conditions [13-17]. 
 
It was recently shown that a new phase change phenomenon could be induced within GeTe/Sb2Te3 
superlattices with many improved properties compared with the conventional GST memories [18]. The 
‘phase change’ happened within the vdWaals state, having large entropic advantages over the 
conventional amorphous-crystalline transition, which requires a transition via the liquid state. Also, void 
formation and compositional shift which is encountered in the conventional memory application is 
avoided in the superlattice memory [19]. Additionally, it was shown that the initially non-magnetic 
materials had higher resistivity (up to 2000%) to switch under magnetic fields [20], adding new functional 
properties. The authors contributed this remarkable phase change to switching of Ge atomic planes at the 
GeTe-Sb2Te3 interface between octahedral and tetrahedral sites [21] and coined the term “interfacial phase 
change memory” (IPCM). This simple explanation is based on previous work on the nature of amorphous-
crystalline phase transitions where it was suspected at first that Ge atoms undergo similar umbrella flips 
from octahedral to tetrahedral sites in crystalline and amorphous phases of the PCMs, respectively [22]. 
Later, since there are many PCMs without Ge, a more general switching mechanism was proposed where 
the type of bonding is switched between covalent (localized, which then holds for the amorphous phase) 
and resonant (delocalized, which holds for the crystalline phase) [23, 24]. However, since this proposed 
mechanism of switching (with ~3 orders of magnitude resistivity contrast) is based on the working 
principle of conventional PCMs, where a metal-insulator transition occurs due to order-disorder 
(crystalline-amorphous) transition [25], it does not hold for IPCM. Therefore, the validity and details of 
IPCM switching mechanism are not yet clearly understood. 
 
Thus, this thesis treats the growth [26-32] and characterization of Sb2Te3 thin films and GeTe/Sb2Te3 
superlattices, with the eventual goal to fabricate IPCM and understand the corresponding switching 
behavior. This ambitious project is worked on by 6 European partners, as listed in Table 1. Also, this 
research will be the topic of a PhD project of the author of this report, so it is still ongoing and the 
conclusions following from this part should not be taken as final. 
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Table 1: Participants in the European project to develop and characterize IPCM. 

Participant Type Primary task 
Micron Semiconductors Italia Industry Management and dissemination 
Paul Drude Institut Berlin (PDI) Research Center Material development 
RWTH Aachen (RWTH) University Material development 
University of Groningen (RUG) University Physical characterization 
Sincrotrone Trieste (Elettra) Research Center Physical characterization 
University of Cambridge  University Modelling 

 
The industrial partner Micron has management and dissemination as their prime responsibility. PDI and 
RWTH are responsible for material growth by molecular beam epitaxy (MBE) and sputtering physical 
vapor deposition (PVD), respectively. They also perform initial characterization with laboratory scale X-
ray diffraction (XRD), atomic force microscopy (AFM) and scanning electron microscopy (SEM). For the 
RUG team the primary task is physical characterization using particularly cross-sectional transmission 
electron microscopy (TEM), but also AFM and SEM. The partner Elettra is responsible for X-ray 
absorption spectroscopy (XAS) related (e.g. extended X-ray absorption fine structure (EXAFS)) 
measurements using synchrotron radiation and Cambridge for modeling and computation. The 
collaboration and teamwork between the partners is of crucial importance to achieve the goal of the 
project, because every partner has a particular expertise. Also, often material information is extracted most 
efficiently by combining results. E.g. since TEM is a very local technique, providing information on the 
nanometer scale it should be combined with XRD, AFM and/or SEM to provide accurate data. 
 
Parts of this thesis have been used in the following publication [29]: 
 
Jos E. Boschker, Jamo Momand, Valeria Bragaglia, Ruining Wang, Karthick Perumal, Alessandro 
Giussani, Bart J. Kooi, Henning Riechert, and Raffaella Calarco 
Surface Reconstruction-Induced Coincidence Lattice Formation between Two-Dimensionally Bonded 
Materials and a Three-Dimensionally Bonded Substrate 
Nano Lett. 14 (6), p. 3534 (2014) 

1.2 Switching mechanism of IPCM 
 

 
Figure 1: Relevant crystal structures for the explanation of IPCM switching according to [21]. The c-axis 
points upward and the projection is along the <110> direction, indicating the abc-stacking of the crystals. 
Ge atoms are green, Sb purple and Te yellow. Note that the Kooi structure is fundamentally different from 
the other structures, which are built up of separate GeTe and Sb2Te3 blocks [Figure adapted from 21]. 
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Because of the relevance of IPCM crystal growth and switching for this thesis, the recently published 
theoretical work [21] by some of the discoverers of IPCM [18, 22] is briefly discussed here (see original 
article for more details). The authors propose several crystal structures for study, as shown in Figure 1, 
where the Petrov and Kooi sequences are motivated by previous literature on natural GST crystals, of 
which the Kooi structure corresponds best to experiment [38, 41] and ab-initio calculation [13, 14].  Note 
that the Kooi sequence is fundamentally different from the Petrov sequence in the sense that Petrov can be 
seen as a crystal built from separate GeTe and Sb2Te3 QL blocks (vdWaals gap-Te-Ge-Te-Sb-Te-Sb-Te-
Ge-Te-vdWaals gap), while for Kooi the GeTe blocks are intercalated within the QLs of Sb2Te3 (vdWaals 
gap-Te-Sb-Te-Ge-Te-Ge-Te-Sb-Te-vdWaals gap). Thus, the position of the vdWaals gap in the Petrov 
sequence is within the GeTe block, which doesn’t occur for bulk GeTe and seems unnatural, while for the 
Kooi sequence the gap is in the Sb2Te3, as is also the case for the 2D bonded bulk Sb2Te3. Therefore it is 
expected that the Kooi structure is in its thermodynamic minimum energy state, although some 
intermixing with Petrov occurs [38], and thus is not responsible for IPCM switching. Two other 
permutations of crystal structures, using GeTe and Sb2Te3 blocks, named Ferro-GeTe and Inverted-Petrov, 
are added for completeness. The structures are then relaxed, using density functional theory (DFT) in 
combination with molecular dynamics (MD), to calculate the minimum energy crystal parameters, bulk 
bandgap and ground state energy at 0 K and 500 K, as summarized in Table 2. 
 

Table 2: DFT and MD calculation results for the crystal structures of Figure 1 [Table adapted from 21]. Units are in eV/cell. 

 
 
The results in Table 2 show the a and c crystal parameters for the minimum energy configurations, the 
calculated bandgap and the total energy of the relaxed structures at 0 K and 500 K, where all energies are 
in eV per unit cell w.r.t. the Inverted-Petrov sequence at 0 K. What can be deduced from these 
calculations is that, including spin-orbit coupling, the ground state configuration with minimum energy at 
0 K corresponds best for the Kooi structure, consistent with previous arguments. At 500 K however, the 
Petrov and Kooi structures give higher energies than the Ferro-GeTe and Inverted-Petrov sequences, 
leaving the conclusion to the authors that IPCM switching must be happening between the latter two 
states. Note that these calculations also seem to suggest that growth at these temperatures would naturally 
form the Ferro-GeTe and Inverted-Petrov sequences, not requiring flux control of particles, and could thus 
be tested with experiment. 
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Figure 2: Bulk band-structure calculations on the Ferro-GeTe and Inverted Petrov sequences, showing the Rashba-splitting and 
Dirac semi-metal features of both structures respectively [Figure adapted from 21]. 

 
To proceed the discussion, it is thus assumed that Ferro-GeTe and Inverted-Petrov sequences are the two 
states responsible for the large electrical conductance contrast of IPCM. Bulk band-structure calculations 
of these sequences are given in Figure 2, showing the Rashba-splitting and Dirac-cone features of the two 
states respectively. To switch between the two states would require an umbrella-flip, well known from 
conventional PCMs [22], within the GeTe block to form the covalent bond between the two atomic layers 
of Ge atoms [23, 24]. This can happen because GeTe is a well-known ferroelectric and thus responds to 
the electric field. The atomic layers also have to change positions, e.g. between b and c in the abc-stacking 
sequence, but this is not discussed. Thus, using the electric field the normal insulator (NI) Ferro-GeTe 
sequence can be switched to the Inverted-Petrov sequence, schematically illustrated in Figure 3. 
According the authors, this turns the crystal then for a moment to a Dirac semimetal, without a bandgap, 
after which the bandgap opens and, due to the hybridization of the Ge atoms with the topological insulator 
(TI) Sb2Te3, conductive states remain. The proposed switching mechanism of IPCM by its discoverers is 
thus a phase transition between NI and TI phases, switched by an umbrella-flip of Ge atoms. 
 



7 
 

 
Figure 3: Schematic of the proposed model for IPCM switching, where the Ferro-GeTe 
structure (a) is umbrella-flipped and for a short moment is a Dirac semi-metal (b), after 
which the bandgap opens and due to the de-hybridization of the Ge atoms with Sb2Te3 
blocks the total stack retains its conducting surface states (c) [21]. The authors thus 
suggest that the phase-change in the whole IPCM stack is between TI and NI phases 
[Figure adapted from 21]. 

2. Materials and Methods 

2.1 MBE and PVD thin film samples 
The partners from PDI Berlin (Wang, Boschker and Calarco) grew thin film and superlattice samples on 
HF treated Si(111) substrates using molecular beam epitaxy (MBE) similar to as described in [29]. The 
partners from RWTH (Lange and Wuttig) also grew such samples on both SiO2 and HF treated Si(111) 
using sputtering physical vapor deposition (PVD) [32]. All received samples had typical sizes of ~1 cm2 x 
0.6 mm as for example those shown in Figure 4. 
 

 
Figure 4: Photograph of received thin film samples (S2_0696 and S2_0707) on mm-
paper. The samples lie with the layer side up and have ~0.6 mm thickness. The left 
sample is shattered (the upper and right edge are cleaved) and because of the straight 
vertical and curved horizontal edges (and also the straight edge showing a ~70° tilt 
crack) it can be deduced that the Si<110> direction is oriented vertically for this sample 
in this photograph [33]. 
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A list of samples received so far is given in Table 3, where samples from PDI and RWTH are labeled with 
S2_... and os… respectively. The surfaces on which the layers have been deposited are also indicated [29] 
as well as fitting results from X-ray reflectivity (XRR) simulations. If the layer is of single composition, 
C1 indicates its thickness, and if the layer is a superlattice C1 and C2 indicate the thicknesses of the 
respective sublayers. For samples with a “*” annealing experiments have been performed and structural 
reconfiguration may have taken place.  S2_0790_1, 2, 3 has been annealed at 250, 300, 400 °C for 30 min 
and osA04H_1 at 250 °C for 30 min. 
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Table 3: List of thin film samples received from PDI and RWTH. If the layer is deposited as one 
composition, C1 indicates its thickness, and if the layer is deposited as a superlattice, C1 and C2 
indicate the average sublayer thicknesses as simulated with X-ray reflectivity (XRR) data. If C1 
and C2 are indicated by * the samples are annealed and structural reconfiguration may have 
taken place. 

Label Surface Layer (C1/C2) C1 (nm) C2 (nm) 

S2_0696 Si(111) 7x7 Sb2Te3 45 0 

S2_0707 Si(111)/Sb √3x√3 Sb2Te3 50 0 

S2_0682 Si(111) 7x7 10 x Sb2Te3/GeTe 6 3 

S2_0717 Si(111)/Sb √3x√3 10 x GeTe/Sb2Te3 6 9 

S2_0691 Si(111)/Sb √3x√3 10 x Sb2Te3/GeTe 2,6 1,8 

S2_0692 Si(111)/Sb √3x√3 10 x Sb2Te3/GeTe 2,6 4,5 

S2_0709 Si(111)/Sb √3x√3 10 x GeTe/Sb2Te3 4,4 3,2 

S2_0732 Si(111)/Sb √3x√3 10 x GeTe/Sb2Te3 4,4 2,1 

S2_0790_0 Si(111)/Sb √3x√3 15 x Sb2Te3/GeTe 2,8 0,9 

S2_0790_1 Si(111)/Sb √3x√3 15 x Sb2Te3/GeTe * * 

S2_0790_2 Si(111)/Sb √3x√3 15 x Sb2Te3/GeTe * * 

S2_0790_3 Si(111)/Sb √3x√3 15 x Sb2Te3/GeTe * * 

osA01Nb Si(100) oxide 10 x Sb2Te3/GeTe 5 5 

osA01Wb Si(100) oxide 10 x Sb2Te3/GeTe 5 5 

osA04F Si(111) oxide Sb2Te3 35 0 

osA04H_0 Si(111) 15 x Sb2Te3/GeTe 3 3 

osA04H_1 Si(111) 15 x Sb2Te3/GeTe * * 

2.2 Cross-sectional TEM specimen preparation 
The challenge to prepare high-quality cross-sectional TEM specimen from thin film samples is to make 
specimen very thin (electron transparent < 100 nm) for large areas (and thus length of the film) with the 
least amount of damage. Since the substrate typically consists of single crystal Si, see Table 3, it must be 
crystallographically aligned along the Si<110> zone axis for most accurate calibration and imaging. 
Cleavage or focused ion beam methods [34, 35] are not an option due the possibility of poor film adhesion 
and to risk of damage and producing amorphous regions, so during this study the following preparation 
method has been applied. 
 
Occasionally samples were forgotten to be labelled and thus the crystallographic orientation was lost. So, 
to determine the crystal directions of the Si(111) substrate several procedures have been used: at first it 
was observed, like in Figure 4 (but also occasionally triangular pieces), that samples preferred to break 
along certain directions and leave behind a straight edge, whereas they tended to bend ~30° along others 
and leave behind a curved edge (see particularly the top edge of the left sample of Figure 4). It could also 
be observed that along the straight edge the crack shows a ~70° tilt with respect to the surface of the 
sample (corresponding to cleavage along a {111} planes of Si). Thus, according to the literature [33] it is 
in such cases most likely that the straight edge is along the <110> direction of the Si substrate. This was 
confirmed by X-ray diffraction (XRD) and selected area electron diffraction (SAED-)TEM measurements 
for 2 and 8 Si substrate samples, respectively. Off course one has to be careful with such indirect 
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experimental correlations, as the chance for errors gets larger for smaller samples and such errors were 
made for 2 out of 10 samples. 
 
The next preparation step was to cut and glue the sample into a holder with Gatan G1 epoxy. For the 
holder simple commercially available brass tubes were chosen with 2.1 and 3.0 mm inner and outer 
diameters, respectively.  These tubes were cut into pieces of desired length (typically 0.4 to 1.0 cm) and 
cleaned by sonication in acetone. The samples were carved on the layer-side along the Si<110> direction 
using a diamond coated scriber and cleaved into strips ~1.5 mm wide by pressing the sample against the 
edge of a glass plate by the tension of a cloth. These strips were dipped into acetone and isopropanol and 
dried with compressed air. The estimated required width of ~1.5 mm is derived from the simplistic 
geometric relation in eq. (1) and Table 4a: 
 
 

𝑤 = 𝑙1 cos (sin−1
2 ℎ
𝑙1

) (1) 

 
Where l1 is the inner brass tube diameter of 2.1 mm, h is the sample height (thickness) of 0.6 mm and w < 
1.7 mm. The epoxy resin and hardener were mixed in 10:1 mass ratios, as recommended by the producer, 
and a pair of sample strips was glued with it face-to-face (i.e. with the pair of layers inside) and cured at 
150 °C for ~15 min. Such a stack is put inside a brass tube that is vertically positioned on the hot plate, 
and the epoxy glue is slowly dripped inside the tube using a toothpick. Note that it is crucial to do this at 
elevated temperatures (~150 °C) because the epoxy will drop in viscosity and the chance for air bubbles 
will be smaller. The samples are then typically left at this temperature for 30 min to cure. Proper curing of 
epoxy is essential for good mechanical properties and low outgassing in vacuum. After full polymerization 
the epoxy resin turns dark amber colored, indicating that curing was performed sufficiently. Since the thin 
films are typically deposited at substrate temperatures > 200 °C, this procedure did not have adverse 
effects on the sample. 
 

 Table 4: Part (a, b, c) corresponds to estimations using equations ((1), (2), (3)). 

a   b   c  

h (mm) w (mm) 
 

l1 (mm) d (μm) 
 

t (μm) θ (°) 
0.4 1.9 

 
1 17 

 
60 1.6 

0.5 1.8 
 

2.1 74 
 

80 2.2 
0.6 1.7 

 
2.4 97 

 
100 2.7 

0.7 1.6 
    

120 3.3 
0.8 1.4 

    
140 3.8 

 
Using custom made graphite holders and a diamond wire saw or circular low speed saw the tubes were cut 
into thin disks without the use of lubricant, but sometimes with isopropanol. The disks were typically 
grinded down to a thickness of ~100 μm with fine silicon carbide sandpaper (Struers 1200, 2400 and 4000 
at the end). Subsequently, the disk is dimple grinded, as shown in Figures 5 and 6, from both sides with 
diamond paste until a center thickness ~20 μm was reached. 
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Figure 5: Gatan dimple grinder. After the TEM specimen has been 
mechanically grinded and polished till a thickness t ~100 µm, it is 
dimpled with diamond polishing paste on both sides until the 
thinnest part is ~20 µm to reduce ion-milling time. 
 

 
Figure 6: Geometry considerations as in eq. (2) and Table 4b for cross-
sectional TEM specimen dimpling used in this study. For 2.1 mm inner 
diameter and 15 mm dimpling wheels, the maximum depth without 
touching the edge of the holder is 74 µm. 

It is necessary in the design of the specimen to account for the specific wheel diameter D in the dimple 
grinder, which was 15 mm in this study. This is because dimpling the brass holder takes more time than 
dimpling the sample and this also might damage the holder and specimen. In Figure 6 a schematic cross 
section of the TEM specimen is drawn, with the relevant parameters, and the dimple depth d is 
approximated using eq. (2): 
 

𝑑 =
𝐷
2

(1 − sin (cos−1
𝑙1
𝐷

)) (2) 

 
Where d is the dimple depth, D the dimpling wheel diameter and l1 the inner diameter of the brass tube 
holder. So for D = 15 mm and l1 = 2.1 mm the maximum dimpling depth is 74 μm (Table 4b) without 
touching the holder. Typically this value is smaller due to a finite thickness of the dimpling wheel and the 
often off-centered region of interest in the specimen. 
 
The final and most important step of TEM specimen preparation was Ar+-ion milling the sample in the 
center of the disk until a hole becomes visible, after which the specimen is polishing down with low 
energy ions. This has been done using a Gatan PIPS II, shown in Figure 7, where energies between 0.1 to 
4 keV have been used under grazing ion milling angles between ±4° and ±8° and single- and double-sector 
milling programs. Rough milling happened at 4 keV and ±8°, but when a hole became visible, the 
specimen was polished under gradually smaller angles and stepwise smaller energies to remove the 
damage. 
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Figure 7: Gatan PIPS II. The Ar+-ion guns and the stage have to be 
set manually and the voltages and milling times can be set to a 
program. Typically energies between 0.1 to 4 keV have been used 
under shear angles between ±4° and ±8° in a stepwise downward 
direction as soon as a hole was visible. 

 
Figure 8: Geometry considerations as in eq. (6) and Table 4c for 
cross-sectional TEM specimen Ar+-ion milling used in this study. The 
specimen thickness t has to be small enough for thinner wedges and 
thus larger electron transparent areas. Also note that single sector 
ion milling should be used for thinnest wedges [36]. 

 
Also in the ion milling step, the specimen geometry has to be considered, as is schematically illustrated in 
Figure 8. Shadowing effects from the brass tube holder may come into play for too thick specimen or low 
milling angles. The corresponding relation is given in eq. (3): 
 

𝜃 = 𝑡𝑎𝑛−1
𝑡
𝑙1

 (3) 

 
Where t is the specimen thickness, l1 the inner diameter of the holder and θ the minimum ion milling angle 
without shadowing effects. For this reason specimen disks were grinded down to ~100 µm (Table 4c) so 
that milling could be performed down to ±3°. An example of single- and double-sector ion milling wedges 
after is shown in Figures 9 and 10, respectively. 
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Figure 9: Scanning electron micrograph of the single sector ion-
milled S2_0707 specimen. The hole has an asymmetric shape with 
wedges of approximately ~10°. The sputtered surface has a dune-like 
appearance over the whole area. 

 
Figure 10: Scanning electron micrograph of the double sector ion 
milled S2_0790_0 specimen. The hole shows a nicely symmetric 
shape, but because of this type of milling, the wedge can be > 20°. 
Along the wedge the dune-like appearance is not visible anymore. 

 
The single-sector ion milled specimen in Figure 9 shows a very irregular hole geometry along the glue line 
and its surface has a dune-like appearance because of the sputtering process. The bright spots in the 
specimen indicate that the sample is extremely thin at those regions. In contrast, the double-sector ion 
milled sample in Figure 10 shows a very regular elliptically shaped hole, where the dune-like appearance 
is not visible anymore near the wedge. Also, only the edge of the hole has a bright appearance, indicating 
that the wedge angle at the edge must be much larger (i.e. the thickness increases faster) than with single 
sector ion milling. This finding is corroborated by Monte Carlo simulations, see [36], and therefore it can 
be concluded that the preferable method for such TEM specimen preparation should be single-sector ion 
milling. 
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Figure 11: Photograph of the S2_0707 cross sectional TEM specimen taken 
on mm-paper after TEM observation. Note that the prints of all preparation 
steps can be seen in this image: (i) the sample stack has to fit inside the tube 
(eq. (1)) and the edge tilt angle is ~70° due to [33], (ii) the epoxy has to be 
cured until it’s amber colored, (iii) the specimen has to be mechanically 
grinded till ~100 μm and dimpled on both sides till ~20 μm (eq. (2)) and (iv) 
the sample is single sector Ar+-ion milled as reflected by the asymmetric 
position of the hole. 

 
Figure 12: Wedge of S2_0707 as seen in the TEM. Note 
that there is contrast between the amorphous epoxy and 
the hole. The amorphous structure of the epoxy can be 
used to correct the objective astigmatism for high 
resolution imaging. Si is recognized by the electron 
interference patterns and the thin film is at the interface 
of the substrate and the glue. Atomic resolution imaging is 
done at the thin part of the wedge. 

 
In Figure 11 and 12 a photograph and an overview TEM image of a finished TEM specimen are shown. 
Such specimen are made for all the sample in Table 3 with high reliability and are of better quality then 
specimen made by e.g. a focused ion beam (FIB) system [34, 35]. 

2.3 Microscopy instruments and software 
During this study various different microscopy instruments have been used. By far, most HRTEM 
imaging has been done using the JEOL 2010F FEG HRTEM equipped with BRUKER Peltier cooled 
XFlash 5030 EDX detector. EDX on cross sectional specimen is performed by using an elliptical electron 
probe with its long axis aligned parallel to the film-substrate interface. For conventional imaging and 
SAED the JEOL 2010 LaB6 TEM has been used. AFM images are taken with Veeco Picoforce AFM with 
Nanoscope V controller with Bruker RTESP tips (8 nm radius). Surface scans are taken with Lyra Tescan 
FEG SEM&FIB dual beam and FEI XL30 ESEM with EDAX EDX detector. HAADF-STEM images 
were taken with the JEOL ARM200F at the Philips High Tech Campus in Eindhoven. All TEM images 
have been analyzed using Gatan Digital Micrograph. 

2.4 HRTEM image simulation 
Conventional HRTEM images cannot be interpreted directly because of many excited reflections inside 
the crystal and the phase problem [37]. This is the problem that the phase information of the electrons (but 
also photons and other quanta) is lost when intensity maps are measured. Instead, a reverse engineering 
approach has to be applied, where an assumed or known structure of a crystal is simulated and matched 
with experimental results. Typically simulations are performed for many different parameters, e.g. sample 
thickness and defocus, and tried to match to experiment. For this purpose the program MacTempas PPC 
Version 1.7.8 has been used and crystallographic structures data are taken from e.g. [38]. 
 
As an example (which is used later), a simulation of Sb2Te3 of 25 nm thickness, -18 nm defocus and 
<110> zone axis in the JEOL 2010F is shown in Figure 13. Since the material is abc-stacked (3 positions) 
and consists of QLs (5 layers), the unit cell must consist of the least common multiple, 15, layers and thus 
3 QLs. Also shown in the figure are the atomic positions of the Sb and Te atoms, indicated with green and 
blue circles, respectively. It can be seen that the high intensity spots in the HRTEM image do not 
necessarily have to correspond to the center of an atomic column (sometimes atomic positions can be even 
at the lowest intensities) and therefore one has to be cautious with image interpretation. 
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Figure 13: Sb2Te3 [38] simulated by MacTempas PPC 
Version 1.7.8 HRTEM simulation software with thickness 
25 nm, defocus -18 nm  and <110> zone axis. The green 
and blue circles indicate the Sb and Te positions 
respectively. Note that one has to be careful with 
interpreting conventional HRTEM images: the center of a 
spot does not necessarily have to correspond to the center of 
an atomic column. 

Note that this restriction does not hold anymore for incoherent imaging processes such as in currently 
popular high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM). This 
technique is very sensitive to incoherently scattered electrons, as opposed to Bragg scattered electrons, 
and thus the largest intensity corresponds to highest scattering. Hence there is Z-contrast in HAADF-
STEM and, since it is dark-field imaging, the atoms appear bright [37]. 
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3. Results and Discussion 

3.1 Sb2Te3 films on Si(111) and SiO2 
 

 
Figure 14: XRD φ-scans around the Sb2Te3(01.5) diffraction peaks 
for MBE grown films on various surfaces. The film on Si(111) 7x7 
reconstructed surface forms rotational domains with its coincidence 
site lattice and not the Si(111) 1x1 surface. Moreover, passivation of 
Si(111) with (√3x√3)R30°-Sb removed such domains and improved 
epitaxy [29]. [Figure adapted from 29] 

The MBE growth of Sb2Te3 on reconstructed 7x7 and Sb passivated Si(111) surfaces is described in the 
joint publication with partners PDI [29] and will be briefly summarized here. Figure 14 shows XRD φ-
scans around the Sb2Te3(01.5) for 3 different starting surfaces, where the central peak of 0° corresponds to 
crystallographically matched epitaxy with the Si(111) substrate. This pattern is visible every 60° (not 
shown here, see [29]) which at first glance make the film structure appear hexagonal. However, since 
Sb2Te3 has R-3m symmetry [38], the hexagonal appearance results from twinning in the film (i.e. domains 
180º rotated around [111] surface normal and not because of a hexagonal crystal structure, as sometimes 
wrongly stated in the literature). 
 
For the Sb2Te3 films on Si(111) 7x7 reconstructed surface, additional peaks are visible at ±5.7° and ±16°, 
indicated by the arrows in Figure 14. These are the same Sb2Te3(01.5) reflections of crystallographic 
domains which are rotated around the surface normal with respect to the Si(111) substrate. At first it was 
not clear whether the growth of a 2D material such as Sb2Te3 and 3D substrate such as Si form vdWaals or 
3D bonding [27, 28], so that it was suspected that the epitaxy is formed with coincidence site lattice (CSL) 
of the Si(111) 1x1 surface, just like in 3D epitaxy. However, as shown in [29] these results best match 
based on a CSL with the Si(111) 7x7 reconstructed surface. 
 

Matched to Si crystal 

Rotational domains at ±5.7° 

Rotational domains at ±16° 

No rotational domains 
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Figure 15: TEM cross-section of MBE grown Sb2Te3 on Si(111) 7x7 surface (S2_0696). The regions 
indicated with an upward pointing arrow show darker contrast than the surrounding layer and indicate 
different crystallographic orientations of the film. The downward pointing arrows show adverse growth 
defects. More detailed analysis (see main text) shows that these must be rotational Sb2Te3 domains and 
Te defects growing from the surface. 

Figure 15 shows a broad overview TEM image of the of the ~ 45 nm thick Sb2Te3 thin film as deposited 
on Si(111) 7x7 surface, where the Si substrate is viewed along a <110> zone axis. The film gives 
occasionally brighter and darker contrast, as indicated by the upward pointing arrows, which can be 
related to these crystallographically rotated domains as determined by XRD (Figure 14). The main part of 
the surface is smooth, only a couple QLs variation, but occasionally defects are on top of the film as 
indicated by the downward pointing arrows. 
 

 
Figure 16: Closer inspection of the TEM cross-section of MBE grown Sb2Te3 on Si(111) 7x7 surface 
(S2_0696). The clear ~ 1 nm modulations in the film are due to the QL structure of Sb2Te3. The defect 
in the center is boundary between rotational domains in projection. 

Figure 16 shows a closer view of a defect within the film, where also the brighter and darker contrast is 
due to crystallographic rotations. The defect in the center of the image must be a boundary of these rotated 
domains as seen in projection. Additionally, the clear ~ 1 nm modulations in the film are due to the QL 
structure of Sb2Te3, illustrating the good texture of the film. 
 

Sb2Te3 
Si(111) 

Projection of domain wall 
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Figure 17: Sb2Te3 film on Si(111) 7x7 reconstructed 
surface matched to the substrate. Twinning of the film 
can be clearly resolved in this image. 

 
Figure 18: Sb2Te3 film on Si(111) 7x7 reconstructed 
surface rotated at ±5.7°. The film shows clear 
modulations due to QLs of the film. 

 
Figure 19: Sb2Te3 film on Si(111) 7x7 reconstructed 
surface rotated at ±16°. Because of this large rotation, 
the atomic columns of the film cannot be resolved. 

 
Figures 17, 18 and 19 show atomically sharp close ups of the Si-Sb2Te3 interface along the Si<110> 
direction, where these images are related to the 0°, ±5.7° and ±16° rotated domains respectively. During 
growth there is a strong tendency to align the close-packed planes parallel to the substrate surface. In 
Figure 17 the atomic columns are clearly resolved in both substrate and film, so that the clear abc-stacking 
of the QLs, as well as twinning can be observed. This is not possible anymore after a slight rotation, as in 
Figure 18. However, the QLs of the film can be clearly observed and show that the growth starts from the 
substrate in entire Sb2Te3 QL blocks. The dark bands in the image are the vdWaals gaps, occurring 
between adjacent Te close-packed planes of Sb2Te3. In Figure 19 the in-plane resolution of the film is lost, 
because it is too much separated from its zone axis. Hence this part of Sb2Te3 must be rotated at ±16°. 
 
From further TEM imaging it was observed that the film contains defects composed of a different phase 
than Sb2Te3 (as shown in Figure 15 by the downward arrows) and several examples are shown in section 
8.1 of the appendix. These defects can be seen as adverse growth artefacts, because they are contained 
within the film and roughen the surface. For all the shown defects (except Defect 5) it is clear that the 
growth started from the Si substrate surface and had grown with a higher velocity. EDX analysis on these 
defects (section 8.1.2) gave 6±1 and 94±7 at.% Sb and Te respectively, compared to 43±3 and 57±4 at.% 
Sb and Te respectively for the film. Thus these defects, sometimes referred to as “mushroom” defects, are 
primarily composed of Te. From the Moiré fringes of such “mushroom” defects with the Sb2Te3 QLs, e.g. 
Defects 2, 3 and 6, it can be directly seen that they are crystalline. Combined with AFM (section 8.1.3) 
and SEM scans (section 8.5) it was found that the film contains a high density of such Te “mushroom” 
defects and that they can have an elongated appearance when observed along the surface normal. The 
growth of such defects may be explained by the Sb-Te phase diagram [39] which shows that the only 
thermodynamically stable phase of SbTe with > 60 at.% Te is Sb2Te3 + Te. 
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Figure 20: Overview of the Sb2Te3 film, as deposited on Si(111)-(√3x√3)R30°-Sb passivated surface 
with MBE. The horizontal stripes in the image indicate twin boundaries and are implying that the film 
is crystallographically matched to the Si(111) surface, as seen along the <110> zone axis. 

In addition to the previous results, it was found that (√3x√3)R30°-Sb passivated surfaces improved 
epitaxy by removing the occurrence of such rotational domains (see Figure 14). In Figure 20 an overview 
of this ~50 nm film is shown, where the Si(111) substrate is at the bottom and the ~1 nm modulations are 
due to the QL structure of Sb2Te3. The arrows show twin boundaries and this is clear indication that the 
film is crystallographically matched to the Si(111) substrate, positioned along the <110> zone axis 
(otherwise twins would be not observable, see Figures 17-19). The surface is smooth and has few defects 
where also the occurrence of “mushroom” defects is eliminated. Because of absence of such defects in this 
film, without rotational domains, it is expected that these defects form at boundaries of rotational domains 
(see also AFM and SEM results in section 8.4 and 8.5). Occasionally, Sb2Te3 islands were seen on the film 
and the substrate, indicating Stranski-Krastanov growth (see section 8.7). 
  

Twin boundary 
with step 

Twin boundary 
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Figure 21: Sb2Te3 film on Si(111)-(√3x√3)R30°-Sb, where the inset shows the TEM contrast 
simulation of 25 nm thickness and -18 nm defocus (see section 2.1.4). The abc-stacking, as well as 
twinning, are clearly observed in this image. The Sb monolayer is matched to the Si(111) substrate and 
gives hardly any contrast in the image. However, it is present on top of the Si(111) substrate (see 
Figure 22). 

Figure 21 shows a high resolution image of the film-substrate interface of this sample, where the inset 
shows the HRTEM simulation with 25 nm thickness and -18 nm defocus (see section 2.1.4). The QL 
structure of Sb2Te3 is clearly resolved and twinning is easily observed (by the alternating angles of ~55° 
and 59° as indicated by the white lines). The Sb monolayer gives hardly any contrast with the Si(111) 
substrate and is therefore not distinguishable in the image. But, from Z-contrast images such as in Figure 
22, it can be deduced that the top layer of the substrate is Sb and that the bond between substrate and film 
is of vdWaals type. This Sb monolayer thus improves the vdWaals epitaxy of 2D material on 3D surface 
[29] 
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Figure 22: HAADF-STEM cross section of the first couple of QLs as grown on Sb-passivated Si(111) 
(superlattice structure of S2_0790). Since this is incoherent dark field imaging the atoms appear 
bright. Also, because of Z-contrast Si appears much darker than Sb and Te. The Sb-passivation layer 
on Si(111) with subsequent QL growth, as extensively discussed in previous work [29], can be directly 
observed, even after annealing at 400 °C for 30 min. Note also that the Si dumbbells are just resolved, 
indicating a resolution < 0.14 nm. 

These findings were corroborated by HAADF-STEM, as shown in Figure 22, on the superlattice structure 
of S2_0790. The first few layers of the film are composed of Sb2Te3 and can therefore directly be 
compared with the previous results. Since this is incoherent dark field imaging, atomic columns 
correspond to bright spots in the image. There is Z-contrast: Si atoms appear darker than Sb and Te. It can 
be clearly observed that the top layer of the Si(111) substrate is passivated by the Sb monolayer. Also, 
starting with a vdWaals gap, the following QL Sb2Te3 is deposited. The (√3x√3)R30°-Sb layer is still 
present after annealing the samples for 30 min at 400 °C. 
 

Sb monolayer 

QLs of Sb2Te3 
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Figure 23: Sputtered Sb2Te3 samples on SiO2 of Si(111), imaged along Si<110>. The film shows good 
texture, where the QLs are clearly resolved. Because of the oxide the film is not crystallographically 
matched with the substrate and little detail about the layering and twinning can be extracted. 

Figures 23 and 24 show an overview and a close-up of a PVD deposited Sb2Te3 film on SiO2, respectively, 
where the Si(111) substrate is at the bottom, the oxide the bright band at the film-substrate interface and 
the ~1 nm modulations are due to the QL structure of the film. EDX measurements give 49±4 and 51±4 
at.% Sb and Te respectively, deviating from the MBE grown samples. At low temperature depositions, 
typically sputtering maintains the target composition, but since the 51±4 at.% Te (lower than for MBE 
grown samples) it can be concluded that Te is evaporating during high temperature growth. Occasionally 
islanded growth was observed (section 8.7). EDX on such an island gave 6±1 and 94±7 at.% Sb and Te 
respectively and indicates that these are primarily composed of Te. 
 

 
Figure 24: Sputtered Sb2Te3 samples on SiO2 of Si(111), imaged 
along Si<110>. The QL structure of the film indicates good texture, 
however, because the film and substrate are not matched, little 
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information on stacking and twinning can be extracted from such 
images. 

3.2 GeTe/ Sb2Te3 superlattices on Si(111) and SiO2 
 

 
Figure 25: Overview of the ~90 nm 10 x Sb2Te3/GeTe MBE deposited superlattice 
structure on Si(111) 7x7 surface (S2_0682). The separate phases of Sb2Te3 and GeTe 
are clearly resolvable due to the ~1.02 nm modulations of the QL structure. Simple 
line scans indicate that the Sb2Te3 is 5 nm and GeTe 3 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 
11 3,8 0 

   Total 54,6 35,1 
Average 5,0 3,2 
Std. Dev. 1,3 1,2 

 

 
Figure 25 shows a ~90 nm thick 10 x Sb2Te3/GeTe superlattice structure as grown by MBE on Si(111) 
7x7. The film and its separate Sb2Te3 and GeTe sublayers give clear contrast with respect to the 
underlying substrate and epoxy at the top. The firstly deposited Sb2Te3 layer (indicated with the light blue 
area) appears well defined, but rotational domains may still be present as the layer is deposited on bare 
Si(111) (see section 3.1.1). There is a large amount of local disorder in the stacking sequence, simple 
examples are indicated by the white regions, and it is difficult to correlate this with the provided 
thicknesses of Sb2Te3 (6 nm) / GeTe (3 nm). The thickness of ~90 nm and line scans on thin parts of the 
film, see table of Figure 25, and nevertheless give good agreement with XRR simulations. Additionally 
islands on the surface may be observed, but since their chemical origin is unclear it is difficult to say 
whether this is Stranski-Krastanov growth. Figure 26 shows a high-resolution image of this film. 
However, the presence or rotational domains and large disorder make imaging and further analysis 
difficult. 
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Figure 26: High resolution image of the ~90 nm 10 x Sb2Te3/GeTe MBE deposited 
superlattice structure on Si(111) 7x7 surface (S2_0682). The Sb2Te3 phases are 
clearly distinguishable and are well separated. The presence of rotational domains 
and the large disorder make analysis difficult. 

The procedure of Sb passivation developed during this work, (see section 3.1.1 and [29]), substantially 
improved epitaxy and subsequent MBE superlattice structures were deposited as such. Figure 27 shows a 
~170 nm 10 x GeTe/Sb2Te3 MBE deposited structure on Si(111)-(√3x√3)R30°-Sb. It was found that the 
Sb passivation in section 3.1.1 and [29] also improves the epitaxy of GeTe [40]. The measured sublayer 
thicknesses of 10 nm GeTe and 9 nm Sb2Te3 are in disagreement with XRR simulations of 9 nm and 6 nm 
respectively, but since the superlattice structure is much better defined, the reason for the disagreement 
lies probably in the simulation. There is a substantial decrease in layering disorder, as compared to the 
sample of Figure 25 (S2_0682), and this could be attributed to Si(111)-(√3x√3)R30°-Sb surface and better 
starting conditions. 
 



25 
 

 
Figure 27: Overview of the ~170 nm 10 x GeTe/Sb2Te3 MBE deposited superlattice 
structure on Sb passivated Si(111)surface (S2_0717). Also for GeTe Sb passivation 
shows major improvements [40]. The sublayer thicknesses of 10 nm GeTe and 6 nm 
Sb2Te3 are in disagreement with XRR simulations of 6 and 9 nm respectively. 

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 

 

 

 

 
From XRD analysis by partners from PDI it was known that GeTe in samples such as in Figure 27 was 
rhombohedrally distorted in the out of plane direction. This could be confirmed by the TEM results, as 
shown and illustrated by Figures 28 and 29. Figure 28 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 matched to the substrate. Using fast 
Fourier transform (FFT) analysis over this image it could be found, as shown by Figure 29 (br. 50, con. 
90, gam. 50), 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 28: High resolution image of the ~170 nm 10 x GeTe/Sb2Te3 MBE deposited 
superlattice structure on Sb passivated Si(111)surface (S2_0717), particularly 
focused at GeTe. From FFT analysis, see Figure 29, it can be deduced that GeTe is 
crystallographically matched 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 29: FFT of selected region in Figure 28. Since 
the FFT contains spots from both Si<110> and 
GeTe<110> it can be concluded that the film is 
crystallographically matched to the substrate. Also, by 
looking at grazing angles at the spots, it can also be 
seen that GeTe is rhombohedrally distorted. 

 

 
Figure 30: GeTe on Sb passivated Si(111) showing a layering defect. By FFT analysis in regions 1, 2 
and 3, corresponding to Figures 31, 32 and 33, 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. 

Additionally, layering defects were found, as illustrated by Figure 30, which could be correlated to (180º 
around [111] interface normal) twinning in GeTe, as shown by the corresponding FFTs in Figures 31-33. 
The particular defect shows some features which could help to unravel what is happening. First note that 
the closed packed (111) 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 could be caused 
by a step in the silicon lattice so that the tellurium planes are shifted half a period with respect to one 
another. Alternatively it might be thought of that on one side first a Ge layer is deposited and on the other 
side a Te layer, but this seems improbable since Ge and Sb are not expected to give strong mixing [38]. 
 

Twin 



27 
 

 
Figure 31: FFT corresponding to region 1 of 
GeTe in Figure 30, corresponding to one of the 
two twin variants. 

 
Figure 32: FFT corresponding to region 2 of 
GeTe in Figure 30, corresponding to both twin 
variants. 

 
Figure 33: FFT corresponding to region 3 of 
GeTe in Figure 30, corresponding to the other 
of the two twin variants. 

 
More examples of MBE grown superlattice structures are given in section 8.6. These results clearly show 
that it is feasible to grow superlattice structures of relatively thick, > 3 nm, GeTe blocks. For IPCM 
however [18, 19, 21], it has been proposed that GeTe blocks should have a thickness of only 2 GeTe 
layers, i.e. < 1 nm, and this might have been the reason that no switchable IPCM material has been 
produced thus far with MBE. 
 

 
Figure 34: High texture PVD deposited film on SiO2 (osA01Nb). The 
plan for deposition was to grow a superlattice structure, however, due 
to high temperature deposition almost all GeTe was re-evaporated 
from the film. The clear ~1 nm modulations are due to the QL 
structure of Sb2Te3. 

 
Figure 35: Tilted PVD grown film on SiO2 (osA01Nb). The film 
shows on several locations the occurrence of such tilted domains, 
grown as such due to the rough oxide. It is possible that the tilt angle 
is also related to the Sb2Te3 crystal as it is clearly observed that both 
(tilted and non-tilted) domains are intercalated. 

 
The PVD grown sample as depicted in Figures 34 and 35 shows from the bottom left to top right the Si 
substrate (zone axis <110>), ~3 nm of silicon oxide, the ~35 nm deposited layer with ~1.02 nm Sb2Te3 
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quintuple modulation and amorphous epoxy glue (used for preparation). Assuming bulk values for Si 
lattice spacing the images can be calibrated reasonably to ~1% error (vertical is better than horizontal due 
to a small angle tilt). From the clear modulation it can be concluded that the layer has been deposited with 
high texture on silicon oxide. However, since the oxide is amorphous there probably is no rotational 
preference so that we cannot resolve the atomic columns in this image. Therefore, little information about 
stacking and/or twinning can be extracted from such images. One apparent consequence of the rough 
oxide interface is the growth of out-of-plane tilted domains, as shown in Figure 35. The c-axis is measured 
to be ~11° tilted with respect to the silicon <100> axis, which probably depends on the surface roughness 
(maybe also other crystallographic reasons like intercalated matching with the 0° layer). On the left side of 
the image shown in Figure 35 the layer is oriented with its basal plane ((111) rhombohedral or (0001) 
hexagonal) parallel the Si(111) substrate surface. On the left side in this image, the horizontal line in the 
layer at a height of ~1/3 with respect to the layer thickness from the interface may indicate twinning; 
however this is not clearly resolved. 
 
It was initially planned to grow by sputtering a superlattice structure with GeTe and Sb2Te3 sublayer 
thicknesses of both 3 nm. This attempt did not succeed, as no separate GeTe phase is observed in the 
images. EDX on the layer gave 3 at.% Ge, 48 at.% Sb and 49 at.% Te, indicating that the composition best 
matches either SbTe or Sb2Te3, implying that most of the Ge is re-evaporated due to a too high substrate 
temperature during deposition. Also in this film “mushroom” defects were observed with 0 at.% Ge, 6.6 
at.% Sb and 93.4 at.% Te, implying that similar mechanisms for such defect formation as hold during 
MBE growth also play a role during sputtering. The same deposition program was used to attempt to 
deposit a superlattice at room temperature. This also did not succeed (see section 8.7 and SEM indication 
in section 8.8). Islands were formed on the surface, consisting primarily of Te, which made thin film 
growth not possible. Nevertheless both samples provided information on how to proceed with future 
depositions and this was clearly successful as shown in the next paragraph. 
 

 
Figure 36 PVD deposited superlattice structure on Si(111) after annealing at 250 °C for 30 min 
(osA04H_1). The superlattice structure is clearly observed, however also here we have layering 
disorder. These successes were achieved relatively fast due to previous TEM results, but as could be 
expected, the growth of GeTe was overcompensated and these layers were much thicker. 
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Figure 36 shows a PVD grown 15 x Sb2Te3/GeTe on Si(111) superlattice structure, which was annealed at 
250 °C for 30 min. Compared with the previous deposition, now the GeTe sublayer is overcompensated. 
The superlattice can be clearly resolved in the image and it can be observed that also here stacking 
disorder takes place. Figures 37 and 38 compare the as deposited structure and the annealed structure. 
Although the annealed superlattice seems to be more ordered, these two images are not sufficient to draw 
a conclusion on this matter. However, what can be stated is that this temperature did not dissolve the 
superlattice and annealing at this temperature is thus safe.  
 

 
Figure 37: Close up of the as deposited PVD superlattice structure 
(osA04H_0) showing that the structure has clearly separate phases. 
The observation of abc-stacking for GeTe indicates that the crystal is 
in the <110> zone axis. Note that, but also see Figure 38, the 
ferroelectric phase of GeTe is clearly resolved by alternating longer 
and shorter bonds. 

 
Figure 38:  Close up of the 30 min 250 °C annealed PVD superlattice 
structure (osA04H_1). It appears that the structure has improved its 
crystallinity, but this is difficult to determine on such a small scale. 
However, since the phases are clearly separate, it can be concluded 
that this annealing temperature is low enough not to dissolve the 
superlattice. 

3.3 MBE deposited GeTe/ Sb2Te3 superlattice annealing experiments 
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Figure 39: As deposited 15 x Sb2Te3/GeTe superlattice structure on 
passivated Si(111) (S2_0790_0) along the Si<112> zone axis. 

 
Figure 40: 250 °C annealed 15 x Sb2Te3/GeTe superlattice structure 
on passivated Si(111) (S2_0790_1) along the Si<112> zone axis. 

 
The annealing experiments on a 15 x Sb2Te3/GeTe superlattice grown with MBE on passivated Si(111) 
(S2_0790) were performed at 250, 300 and 400 °C, each for 30 minutes. It was shown by XRD analysis 
by the partners that a gradual phase transformation occurs in the solid state during annealing. EDX 
measurements on the as-deposited structure, as well as annealed structures, were giving similar result of 
which the average is: 20±3, 33±2, 47±2 at.% Ge, Sb and Te, respectively. Figures 39 and 40 show the as-
deposited and 250 °C annealed samples as imaged along a Si<112> direction. Although the layer sequence 
cannot be strictly extracted, the images do show roughly the separate crystallographic phases. It is difficult 
to say whether the annealing is a major improvement, but what can be stated is that this did not intermix 
the separate phases of the 2D and 3D materials, as was also seen for the PVD superlattices in Figures 37 
and 38. 
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Figure 41: 300 °C annealed 15 x Sb2Te3/GeTe superlattice structure 
on passivated Si(111) (S2_0790_2) along the Si<110> zone axis. 

 
Figure 42: 400 °C annealed 15 x Sb2Te3/GeTe superlattice structure 
on passivated Si(111) (S2_0790_2) along the Si<110> zone axis. 

 
The 300 and 400 °C annealed samples, however, showed that the system transformed to 7 and 9 layered 
vdWaals structure, as illustrated by Figures 41 and 42 but also the HAADF-STEM results below. Such 7 
and 9 layered structures are expected, because correspond to the stable Ge1Sb2Te4 and Ge2Sb2Te5 crystal 
structures, respectively [38]. From Figure 41 it could be determined that the film consisted roughly of 3 
QLs of Sb2Te3, then a separate GeTe phase, and so on. It could thus be confirmed that the film consists of 
separate sublayers. From Figure 42 however, it was found that the material is a vdWaals material and that 
the structure had transformed to a 7 and sometimes 9 layered structure. This indicated that the 3D GeTe 
phase was slowly diffusing and intermixing within the vdWaals layers. It was expected that the film would 
transform to the ground state GST structures, i.e. Ge1Sb2Te4 and Ge2Sb2Te5, which have been called 
‘Kooi’ structures. However, this is in the present case not readily possible because of compositional 
mismatch which does not only allow ‘Kooi’ structures to be formed, see EDX results above, and the 
HAADF results, which are presented below. 
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Figure 43: HAADF-STEM overview of the as deposited superlattice 
structure of S2_0790_0. The Sb monolayer together with subsequent 
QLs Sb2Te3 can be clearly observed. Also note the correlation 
between twinning and stacking faults in the film. 

 
Figure 44: Zoom in on the as deposited superlattice structure of 
S2_0790_0. Because of Z-contrast Ge atoms appear darker than Sb 
or Te atoms and can be clearly distinguished in the image. A linescan 
is taken along the region within blue lines and shown in Figure 45. 

 
The as-deposited and 400 °C annealed S2_0790 samples were additionally sent to be imaged using atomic 
resolution HAADF-STEM, of which a selection is shown in Figures 43-48. It can be clearly observed that 
the material is stacked in an abc-fashion and the dark bands in the images (Figures 40-45) are the vdWaals 
gaps. In Figure 43 the Sb monolayer is clearly visible on top of the Si substrate, after which the 
superlattice structure is deposited, starting with Sb2Te3, easily recognized by its QL structure. Also note 
the occurrence of twinning in the film, which can be correlated to stacking reversal (abc - cba). In the Si 
substrate the dumbbells can just be resolved, indicating a resolution just below 0.14 nm. After growth of 
the multilayer with alternating Sb2Te3 and GeTe phases, the position of the vdWaals gaps clearly becomes 
more subtle and complicated, although this is still expected to occur between close-packed Te planes, i.e. 
between (Sb2Te3)n and Te(GeTe)m. This indeed seems to happen, but occasionally different stacking 
sequences are observed. Figures 44 and 45 show an image of a region of the superlattice and 
corresponding line profile respectively, which show that the Sb2Te3 ‘reacts with the GeTe in such a way 
that SbTe2(GeTe)m blocks are formed in-between the vdWaals gaps. 
 

Twin 
boundary 

Sb2Te3 

Sb 
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Figure 45: Line profile where left to right corresponds to top to bottom in Figure 44. This profile is 
corroborated with the interpretation given in the text and Figure 46, but shows that the planes indicated as 
pure Ge planes in fact contain a higher Z-element which should be Sb. 

 

 
Figure 46: HAADF-STEM images showing in detail the type of stacks separated by 
vdWaals gaps. 

Figure 46 shows a part of the superlattice structure where it is attempted to indicate the stacking sequence 
of the superlattice films. Note that the SbTe2 part of this block tends to be systematically observed at the 
bottom side and is thus an asymmetric structure. The only possible explanation for this asymmetry seems 
to be a direct correlation with the directionality of growth. Suppose one starts with (Sb2Te3)2 and (GeTe)m, 
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then this reaction would actually mean that adjacent Sb3Te4 and SbTe2(GeTe)m blocks should be formed. 
Interestingly, this is indeed observed. Moreover the purple ellipse in the figure indicates an example of the 
reaction where (from the right to the left) 2 Sb2Te3 gradually transform to Sb3Te4 + SbTe2(GeTe). When 
Te has to remain adjacent to the gap, this would mean that in the split two layers the Sb and Te planes 
exchange positions. Then two adjacent Sb2Te3 blocks can properly form an Sb3Te4 block. Moreover, the 
removal of the other vdWaals gap occurs by gradually intercalating a Ge closed-packed plane within it, of 
which a clearer example is shown in the center of the purple rectangle. 
 
A recent paper by the discoverers of IPCM [21] shows various possible stacking sequences of the 
GeTe/Sb2Te3 superlattice analyzed with DFT and MD, as discussed in section 1.2. Four types of stacking 
sequences were discerned and were called Petrov, Inverted Petrov, Ferro-GeTe and Kooi. The analysis 
showed that the Kooi structure is most stable at 0 K, consistent with the experimental ground state [38], 
but that around 500 K (typical deposition temperature, also in this work) the Inverted Petrov and Ferro-
GeTe stacks become clearly more stable than the other two. The detailed results of the presently observed 
stacks can be used to experimentally verify the potential existence of the proposed structures; although 
during growth there can be some kinetic limitation to reach thermodynamic equilibrium structures. Our 
present results interestingly indicate that none of the four stacking sequences are observed, but caution has 
to be taken as GeTe blocks are relatively thick. However, the strong tendency to form SbTe2(GeTe)m 
blocks is intricately connected to both the Kooi and Ferro-GeTe stacks. The strong screening of GeTe on 
one side by the coupling of SbTe2 is a clear signature of Kooi stacking, while on the other side GeTe 
seems to be directly adjacent to a vdWaals gap, which is a clear signature of Ferro-GeTe stacking. The 
actual presence of ferroelectricity in the GeTe can be can be demonstrated by the atomic resolution 
images, because in general a Ge plane in-between two Te planes is not positioned exactly in the center, 
but is displaced more towards one of the two Te planes. 
 
Still, a relevant point is that the Ferro-GeTe stacking observed is in a subtle but important way different 
from the one proposed in [21]. There the GeTe is directly coupled to a Sb2Te3 block giving a stacking as 
gap-Sb2Te3-(GeTe)m-gap. Such a stacking can be easily formed in the presently grown films because they 
are based on layers of Sb2Te3 and GeTe which can directly couple and thus there should be not any kinetic 
limitation. However, this coupling is not observed. Instead gap-Te-(GeTe)m–gap and gap-SbTe2-(GeTe)m-
gap is observed. Particularly, the latter is not straightforward, because requires the splitting of one stable 
QLs such that 3 planes instead 5 can become coupled to one side of the GeTe (and potentially two planes 
on the other side).  Moreover, if we zoom in on a few SbTe2(GeTe)m blocks, our initial analysis that the 
SbTe2 is only present at the bottom side of the block appears somewhat a simplification, because also at 
the top side there is a tendency (although not yet as fully developed as for the bottom part) to form SbTe2 
as can be demonstrated based on the line profile in Figures 44 and 45. The line profile from left to right in 
Figure 45 was taken from top to bottom in Figure 44. The red arrows point to planes that were originally, 
i.e. in the SbTe2(GeTe)m blocks shown in Figure 46, assigned to Ge, but the relative intensity compared to 
pure Te, Sb and Ge  planes shows that these plane cannot be pure Ge and also should contain a substantial 
amount of higher Z-element and this can only be Sb. This possibility of partial mixing of Ge and Sb in one 
close-packed plane was also derived on the basis of Rietveld refinement for the stable structure of 
Ge2Sb2Te5 at higher temperature by [41]. The line profile in Figure 45 shows only two local examples, but 
the overview image Figure 46 shows that this tendency to form SbTe on both sides of the GeTe occurs on 
more places. All these results clearly shows that there is a driving force to form Kooi stacking where with 
respect to the vdW gaps GeTe becomes present in the center and becomes ‘screened’ on both sides by 
SbTe (i.e. gap-SbTe2-(GeTe)m-SbTe-gap). 
 
In principle this is not surprising at all, because it was demonstrated that bulk samples annealed for 24 
hours at 400 °C showed a strong tendency to form this kind of stacking [38]. Also ab-initio calculations of 
various groups have indicated that this stacking is lowest in energy [13, 14, 21]. However within these 
computations care has to be taken with many issues for instance spin-orbit coupling and van der Waals 
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interaction and also computations at higher temperature are not trivial, because they are not directly 
calculating the thermodynamically stable configuration. Therefore the result, particularly based on DFT 
and MD, show that at 500 K the Inverted Petrov and Ferro-GeTe stacks become the most stable ones, has 
to be considered with caution. More importantly, the present experimental results do not provide any 
indication that the GeTe/Sb2Te3 system experiences a driving force towards the Inverted Petrov or Ferro-
GeTe stacks. On the contrary, a clear driving force towards a gap-Te-Sb-Te-(GeTe)m-Sb-Te-gap (i.e. Kooi 
stacking) is observed. 
 

 
Figure 47: HAADF-STEM overview of the 30 min 400 °C annealed 
superlattice structure (S2_0790_1), showing a part where the system 
has reconfigured itself into 7 atomic layers blocks. Due to poor 
contrast of the interlayers it is unclear where Ge and Sb atoms are. 

 
Figure 48: HAADF-STEM overview of the 30 min 400 °C annealed 
superlattice structure (S2_0790_1), showing a part where the system 
has reconfigured itself into 9 atomic layers blocks. It can be observed 
that the Sb monolayer is still present after annealing. 

 
Figures 47 and 48 show this superlattice stack after annealing a sample for 30 min at 400 °C (i.e. not a 
TEM sample which can show evaporation but an originally capped multilayer). The system has undergone 
a phase transformation, as also seen in the previous results, and tended to form 7 and 9 layered vdWaals 
structures. However, a clear relation of the Ge and Sb atoms could not be established, like in the 
GexSb2Te3+x alloys, possibly due to a compositional mismatch or not yet fully transformed system, but 
more importantly because the HAADF-STEM images of the sample annealed for 30 min at 400 °C could 
not be obtained with similar quality allowing discrimination between Ge and Sb planes as was possible for 
the as-deposited sample. 

3.4 Considerations for future STEM measurements 
The images and analyses above show that HAADF-STEM has great potential to characterize the growth of 
chalcogenide thin films and superlattices. However, good results are not only proportional to the quality of 
instrument used, but also very much to sample quality. The specimen described in the results above 
(S2_0790_0 and S2_0790_3) are double-sector ion-milled and are therefore thicker than single-sector 
prepared specimen (see section 2.2 and particularly Figures 9 and 10). This had also the consequence that 
sputtered material was redeposited on the sample, as shown in Figure 49. Since HAADF-STEM imaging 
has Z contrast, it can be concluded that the spots in the Si substrate are from heavier elements, which can 
only come from the film. Additionally, it was attempted to perform atomic resolution EDX on the 
samples. In such cases it might be advantageous to use thicker samples as these will give more counts on 
the detector. This attempt nevertheless has failed, as shown in Figure 50. Small beam currents, as used for 
HAADF-STEM imaging, gave too few counts while larger beam currents damaged the film and made 
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further analysis unfeasible. These results show that atomic resolution EDX is thus not an option to apply 
on such materials. 
 

 
Figure 49: HAADF-STEM overview of double-sector ion-milled 
S2_0790_3. Because of Z-contrast it can be observed that the Si 
substrate contains heavier elements. This is redeposition of the layer, 
which happened during the double-sector milling process, and could 
also be observed for double-sector milled S2_0790_0. 

 
Figure 50: HAADF-STEM overview of S2_0790_3 after an attempt 
of atomic resolution EDX. For small beams the detector receives too 
few counts and for larger beams the film is damaged. Since this also 
was already done on thicker films, it can be concluded that atomic 
resolution EDX is not feasible for these materials. 

4. Conclusions 
The research described above not only shows useful results in advanced materials development, but also 
that the method of cross-sectional TEM analysis, in combination with XRD, SEM and AFM, is a viable 
and versatile microscopic tool for characterization of thin films. High quality TEM specimen have been 
prepared for all received samples, given in Table 3, and provided useful information, required for 
achieving the ambitious goal of this project in the future. Several methodological results were obtained, 
including substrate cleavage anisotropy to cut and crystallographically align samples during specimen 
preparation, ion milling preferences in single- and double-sector milling for fabrication thinnest samples 
without redeposition, the use of elongated elliptical beams by deliberately increasing condenser-lens 
astigmatism for EDX analysis and the observation of twinning as indicator of <110> zone axis alignment. 
Additionally, the marvelous HAADF-STEM results showed the potential of the currently state of the art 
instruments for analyzing thin films. However, despite the extraordinary images and the resolution, it was 
found that the beam causes significant radiation damage to the studied chalcogenides and thus atomic 
resolution EDX analysis is not an option and must probably be excluded from future measurements. 
 
Initiation of the project with MBE growth of Sb2Te3 on 7x7 reconstructed and (√3x√3)R30°-Sb passivated 
Si(111) surfaces resulted in a joint publication between PDI and RUG. The films had excellent texture and 
it was shown by XRD φ-scans that three different rotational domains were formed with the coincidence 
lattice of the 7x7 surface, corroborated by TEM analysis. In addition, it was found that films on 
(√3x√3)R30°-Sb passivated surfaces removed the occurrence of such domains, as clearly indicated by 
XRD and the film-substrate matched TEM images, and that this procedure also improved the MBE 
deposition of GeTe. Because of these results MBE grown films are crystallographically matched to the 
substrate and high-accuracy TEM analyses could and will be performed (in the future). The Sb monolayer 
is clearly resolved in the provided TEM images, but was at first not recognized as such due to poor 
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contrast of this monolayer with the substrate. Only after the HAADF-STEM images, which showed that 
the passivation layer is present and stays present, even after annealing for 30 min at 400 °C, this 
conclusion could be supported. These results showed that the (√3x√3)R30°-Sb passivation layer formed 
weak vdWaals bonds with the subsequently deposited QLs, and thus that this improved 2D epitaxy. The 
Te “mushroom” defects which were observed frequently in films on 7x7 reconstructed surfaces were 
absent on passivated surfaces, most likely due to absence of rotational domains and improved epitaxy. The 
PVD grown Sb2Te3 on SiO2 showed high texture, despite the amorphous oxide, but because the substrate 
was not matched to the film, it was difficult to extract further information. 
 
The previously described substrate passivation procedure made it possible to grow high-quality 
superlattice structures with MBE, to be imaged and analyzed with TEM. Despite the efforts however, up 
to now no switchable IPCM material has been produced. The most likely reason for this is that the GeTe 
sublayers in the superlattice are too thick and thus one of the focus points of future depositions might be 
the reduction of this thickness. From PVD samples it appeared that this is very difficult, so an additional 
approach is proposed. From annealing experiments it became clear that the superlattice structure of GeTe 
and Sb2Te3 is not the ground state of the material and that the film prefers to transform to 7 or 9 layered 
systems, depending on the GeTe content. Hence it might be feasible to deposit compositionally engineered 
superlattices and let them relax during annealing. Using various temperatures or annealing times, this 
procedure could fabricate GeTe sublayers of desired thicknesses. The challenge to this approach however 
is the fundamental question whether IPCM actually requires Sb2Te3 blocks or whether this mechanism 
would work also for Ge1Sb2Te4 or Ge2Sb2Te5 blocks. These challenges will be explored in the future. 
 
HAADF-STEM imaging provided more detailed information on the stacking sequences of the materials 
and has shown that the superlattice structures do not necessarily stack in separate GeTe and Sb2Te3 blocks. 
Rather, very often an intermixing of the layering is happening of the type gap-SbTe2-(GeTe)m-gap, 
rigorously discussed in section 3.3, intricately related to the Kooi structure. These results were compared 
with theoretically predicted crystals in section 1.2 and it can be concluded that these predicted structures 
do not necessarily correspond to experimentally observed ones and more variation is present than 
proposed. Also at these temperature, ~500 K, it is not necessarily true that the Kooi structure is 
unfavorable as suggested in that work. It will thus be a difficult challenge in the future to form 
superlattices with smooth boundaries and the question remains on what the role of the interfaces of the 
sublayers is in the IPCM switching mechanism. 
 
At present it is difficult to compare MBE and PVD growth types. However, during this project both teams 
from PDI and RWTH significantly gained experience with this and both grow high-quality superlattice 
structures. It is difficult to say whether annealing samples at 250 °C is sufficient, but it is clear that this 
temperature is still too low to transform the film to 7 or 9 layered systems. It is also observed that at the 
GeTe/Sb2Te3 interface an initiation (or fraction) of GexSb2Te3+x blocks were formed, making the 
superlattice structures not that well defined. The annealing experiments showed that up to 300 °C for 30 
min the separate phases showed better ordering, but at 400 °C for 30 min the crystal tended to form 7 or 9 
layered systems. Within these systems, it was not possible to extract the exact stacking sequence and it is 
expected that the Ge and Sb atoms are not fully reconfigured yet. 
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7. Table of frequently used abbreviations 
 

RUG University of Groningen 
PDI Paul Drude Institut Berlin 
RWTH RWTH Aachen 
TEM Transmission Electron Microscope 
IPCM Interfacial Phase Change Memory 
MBE Molecular Beam Epitaxy 
PVD Physical Vapor Deposition 
TI Topological Insulator 
NI Normal Insulator 
vdWaals van der Waals 
QL Quintuple layer 
GST GeSbTe alloy 
PCM Phase Change Material 
XRD X-ray diffraction 
SEM Scanning Electron Microscope 
AFM Atomic Force Microscope 
XAS X-ray Absorption Spectroscopy 
EXAFS Extended X-ray absorption Fine Structure 
DFT Density Functional Theory 
MD Molecular Dynamics 
XRR X-ray reflectivity 
SAED Selected Area Electron Diffraction 
FIB Focused Ion Beam 
EDX Energy Dispersive X-ray Spectroscopy 
HAADF High-Angle Annular Dark-Field 
STEM Scanning TEM 
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8. Appendices 

8.1 TEM images of “mushroom” defects in Sb2Te3 on Si(111) (S2_0696) 

 
Defect 1: This defect is used in EDX compositional analysis. The 
result is that it consists of > 90 at.% Te. See section 8.2. 
 

 
Defect 2: The Moiré fringes of this defect with the vdWaals structure 
of Sb2Te3 indicate that the “mushroom” defect is crystalline. 

 
Defect 3 This defect is used in EDX compositional analysis. The 
result is that it consists of > 90 at.% Te. See section 8.2. 

 
Defect 4: Mushroom defect at boundary of rotational domain. Note 
the sharp edges of the defect and that the twin at the right indicates 
that that region is along the <110> zone axis. 

 
Defect 5 This defect showed no clear relation with the surface. 

 
Defect 6: The Moiré fringes in this defect indicate crystallinity. 
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8.2 EDX results on “mushroom” defects in Sb2Te3 on Si(111) (S2_0696) 
 

 
Before EDX 

 
After EDX 

 
These EDX results show that the “mushroom” defects in section 8.1 consist mainly out of Te. 
 
 
EDX on defect 

 
Spectrum: Acquisition 
 
El AN  Series  unn. C norm. C Atom. C Error (1 Sigma) 
               [wt.%]  [wt.%]  [at.%]          [wt.%] 
----------------------------------------------------- 
Te 52 L-series  94.62   94.62   94.38            9.50 
Sb 51 L-series   5.38    5.38    5.62            0.57 
----------------------------------------------------- 
        Total: 100.00  100.00  100.00 
 

 
EDX on Sb2Te3 near the defect 

 
Spectrum: Acquisition 
 
El AN  Series  unn. C norm. C Atom. C Error (1 Sigma) 
               [wt.%]  [wt.%]  [at.%]          [wt.%] 
----------------------------------------------------- 
Te 52 L-series  57.51   57.51   56.36            5.79 
Sb 51 L-series  42.49   42.49   43.64            4.29 
----------------------------------------------------- 
        Total: 100.00  100.00  100.00 
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Before EDX 

 
After EDX 

 
 
EDX on defect 

 
Spectrum: Acquisition 
 
El AN  Series  unn. C norm. C Atom. C Error (1 Sigma) 
               [wt.%]  [wt.%]  [at.%]          [wt.%] 
----------------------------------------------------- 
Te 52 L-series  93.05   93.05   92.74            9.34 
Sb 51 L-series   6.95    6.95    7.26            0.73 
----------------------------------------------------- 
        Total: 100.00  100.00  100.00 
 

 
EDX on Sb2Te3 near the defect 

 
Spectrum: Acquisition 
 
El AN  Series  unn. C norm. C Atom. C Error (1 Sigma) 
               [wt.%]  [wt.%]  [at.%]          [wt.%] 
----------------------------------------------------- 
Te 52 L-series  58.38   58.38   57.23            5.87 
Sb 51 L-series  41.62   41.62   42.77            4.20 
----------------------------------------------------- 
        Total: 100.00  100.00  100.00 
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8.3 AFM surface scans of Sb2Te3 on Si(111) (S2_0696) 
 
10 x 10 μm2 
AFM scans on Sb2Te3, deposited on the Si(111) 7x7 reconstructed surface with MBE (S2_0696). The film 
showed, next to the typical morphology of grown topological insulators [28], large areas with protrusions 
on the surface of the film, which could be correlated to the “mushroom” defects. Because there is no clear 
pattern of defects in these scans and these defects are absent in films grown on passivated Si(111), it is 
suspected that these defects appear at boundaries of rotational domains. 
 
Amplitude 
 

 

 
 
 
Average value:     39.0 nm 
Minimum:           0.0 nm 
Maximum:           593.3 nm 
Median:            38.2 nm 
Ra:                3.1 nm 
Rms:               11.9 nm 
Rms (grain-wise):  11.9 nm 
Skew:              25.5 
Kurtosis:          793 

Phase 
 

 

 
 
 
Average value:     -3.3 deg 
Minimum:           -27.2 deg 
Maximum:           93.6 deg 
Median:            -3.9 deg 
Ra:                10.3 deg 
Rms:               12.0 deg 
Rms (grain-wise):  12.0 deg 
Skew:              0.44 
Kurtosis:          0.338 

 
  



45 
 

1 x 1 μm2 
AFM scans on Sb2Te3, deposited on the Si(111) 7x7 reconstructed surface with MBE (S2_0696). The film 
showed interesting contrast, particularly in the phase, which is probably the result of the tip side touching 
larger than ~1 nm steps (captured by phase contrast). 
 
Amplitude 
 

 

 
 
 
Average value:     9.73 nm 
Minimum:           0.00 nm 
Maximum:           26.05 nm 
Median:            9.47 nm 
Ra:                1.93 nm 
Rms:               2.56 nm 
Rms (grain-wise):  2.56 nm 
Skew:              0.856 
Kurtosis:          2.27 

Phase 
 

 

 
 
 
Average value:     2.58 deg 
Minimum:           -24.68 deg 
Maximum:           33.59 deg 
Median:            6.07 deg 
Ra:                12.63 deg 
Rms:               14.03 deg 
Rms (grain-wise):  14.03 deg 
Skew:              -0.246 
Kurtosis:          -1.43 
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8.4 AFM surface scans of Sb2Te3 on Sb passivated Si(111) (S2_0707) 
 
10 x 10 μm2 
AFM scans on Sb2Te3, deposited on the passivated Si(111) (√3x√3)R30°-Sb with MBE (S2_0707). The 
absence of protrusions indicated absence of “mushroom” defects. Because of the absence of rotational 
domains this films (see section 3.1) it is suspected that the formation of “mushroom” defects occurs at 
boundaries or corners of rotational domains or other related defects. 
 
Amplitude 
 

 

 
 
 
Average value:     9.69 nm 
Minimum:           0.00 nm 
Maximum:           46.13 nm 
Median:            9.51 nm 
Ra:                2.27 nm 
Rms:               2.84 nm 
Rms (grain-wise):  2.84 nm 
Skew:              0.559 
Kurtosis:          2.88 

Phase 
 

 

 
 
 
Average value:     -22.29 deg 
Minimum:           -31.65 deg 
Maximum:           28.52 deg 
Median:            -22.34 deg 
Ra:                1.28 deg 
Rms:               1.75 deg 
Rms (grain-wise):  1.75 deg 
Skew:              1.34 
Kurtosis:          20.1 

 
  



47 
 

2 x 2 μm2 
AFM scans on Sb2Te3, deposited on the passivated Si(111) (√3x√3)R30°-Sb with MBE (S2_0707). The 
ripples on the triangular hills were typically of ~1 nm, indicating single QL steps. 
 
Amplitude 
 

 

 
 
 
Average value:     9.41 nm 
Minimum:           0.00 nm 
Maximum:           21.54 nm 
Median:            9.30 nm 
Ra:                2.14 nm 
Rms:               2.70 nm 
Rms (grain-wise):  2.70 nm 
Skew:              0.345 
Kurtosis:          0.291 

Phase 
 

 

 
 
 
Average value:     -23.44 deg 
Minimum:           -27.65 deg 
Maximum:           -12.39 deg 
Median:            -23.52 deg 
Ra:                0.69 deg 
Rms:               0.94 deg 
Rms (grain-wise):  0.94 deg 
Skew:              1.13 
Kurtosis:          4.68 
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8.5 SEM of Sb2Te3 on (passivated) Si(111) surfaces (S2_0696 and S2_0707) 
 

 
SEM scans on Sb2Te3, deposited on the Si(111) 7x7 reconstructed 
surface with MBE (S2_0696). The film showed, next to the typical 
morphology of grown topological insulators [28], large areas with 
protrusions on the surface of the film, which could be correlated to 
the “mushroom” defects. Because there is no clear pattern of defects 
in these scans and these defects are absent in films grown on 
passivated Si(111), it is suspected that these defects appear at 
boundaries of rotational domains. 

 
SEM scans on Sb2Te3, deposited on the passivated Si(111) 
(√3x√3)R30°-Sb with MBE (S2_0707). The absence of protrusions 
indicated absence of “mushroom” defects. Because of the absence of 
rotational domains this films (see section 3.1) it is suspected that the 
formation of “mushroom” defects occurs at boundaries or corners of 
rotational domains or other related defects. 
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8.6 Superlattice structures of S2_0691, S2_0692, S2_0709 and S2_0732 
 

 
S2_0691 

 
S2_0692 
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S2_0709 

 
S2_0732 
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8.7 Islanded growth of GeTe/Sb2Te3 on Si 
 

 
TEM of Sb2Te3 film detached from substrate (S2_0707). Despite the 
islands, a film was able to form. 

 
TEM of Sb2Te3 film detached from substrate (S2_0707). Despite the 
islands, a film was able to form. 

 

 
Sb2Te3 samples on SiO2 of Si(111) on occasion showed islanded growth regions (osA04F) 

EDX of grain: 6±1 and 94±7 at.% Sb and Te respectively 
 

 
Room temperature deposited film on SiO2 of Si(100) (osA01Wb) 

EDX of 3 grains: 0 at.% Ge, 9.5 at.% Sb and 91.5 at.% Te 
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8.8 SEM on surfaces osA01Nb and osA01Wb 
 

 
SEM scan of high temperature deposited film on SiO2 of Si(100) 
(osA01Nb). The typical morphology [28] could be observed and thus 
indicate that the film was deposited 

 
SEM scan of room temperature deposited film on SiO2 of Si(100) 
(osA01Wb). The absence of typical topological insulator morphology 
[28] indicated that no proper film was deposited. 
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