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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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