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1

Introduction

The present document is the fourth deliverable generated by the WP4 “Physical Characterization
and Modeling” and it is focused on atomic structure characterization and modeling. It is a followup of D4.1 that had a similar focus, because both deliverables couple to the same task 4.1. The
aim is to also show proper integration of theory performed at UMB and experiments performed
by various partners. This deliverable presents the characterization and modeling towards
optimized multilayers that will be exploited in the demonstrator of WP5. These multilayers have
as central ingredient Ge-rich GeSbTe (GST) alloys on the Ge-Sb2Te3 tie-line. Hence, an important
part of this deliverable focuses on a better understanding of Ge-rich GST alloys and Ge-Sb2Te3
multilayers. However, also alternative ingredients of multilayers like GaSb and Sb will be
discussed in the present deliverable.
This deliverable is organized into the following six main sections:
2. High throughput density functional theory (DFT) based calculations of the decomposition of
Ge-rich GST alloys.
3. Experimental analysis of the decomposition of Ge5Sb2Te3 in melt-quenched bulk using
scanning electron microscopy (SEM) and in annealed amorphous thin films using transmission
electron microscopy (TEM). In the end a coupling to theory of section 2 is made.
4. Atomic structure characterization using scanning TEM (STEM) performed at UGRO of Sb2Te3Ge heterostructures grown using Molecular Beam Epitaxy (MBE) by PDI,
5. Study of the intermixing between Sb2Te3 and GaSb bilayers grown using pulsed laser
deposition (PLD) by UGRO. The intermixing is analyzed using STEM on samples grown at room
temperature (RT) and annealed at different (elevated) temperatures.
6. Atomic structure characterization using STEM of Sb2Te3-Sb and Sb ‘epitaxial’ films.
7. Large scale atomistic simulations of the (strong) effect of thin film confinement on the
crystallization of antimony.
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2

High-throughput calculations on the decomposition reactions of Gerich GeSbTe alloys

Partner UMB performed extensive ab-initio simulations based on Density Functional Theory
(DFT) on the decomposition reactions of Ge-rich GST alloys aiming at providing a guide to the
experimental partners for the selection of the best composition of the alloy, suitable to combine
high crystallization temperature (Tx) with a low propensity to decompose. The high Tx of Ge-rich
alloys has been ascribed to the slow-down of the crystallization kinetics due to the mass
transport involved in the phase separation into crystalline Ge and less Ge-rich crystalline alloys.
Segregation phenomena require long length diffusion of the atomic species, which would imply a
longer incubation time for the formation of supercritical crystalline nuclei. The inhomogeneity of
the active material resulting from phase separation has, however, several drawbacks such as a
resistance drift in the set (crystalline) state as well, a cell-to-cell variability and possibly a
reduced endurance. It would therefore be desirable to have high Tx but a low propensity to
decompose.
To this aim, we studied the decomposition process during the crystallization of GST alloys by
means of high-throughput DFT calculations. We have first computed the formation free energy of
the cubic phase of GST alloys at all compositions in the central part of the ternary phase diagram.
Then, we constructed the convex hull from the calculations of the DFT total energy of the
thermodynamically stable compounds.

The convex hull for a ternary system is the two

dimensional surface formed by the ordered compounds that have an energy lower than that of
any other structure or any linear combination of structures that provide the proper composition.
Compositions at the vertices of the convex hull are thus thermodynamically stable compounds
while the tie-lines connecting two compounds are the edges of the convex hull. All other
structures have an energy that falls above the set of tie-lines. The convex hull represents the
Gibbs free energy of the alloy at zero temperature.
The distance from the convex hull of the free energy (including configurational entropy at 300 K)
of a cubic crystal of a generic GSTXYZ composition gives a measure of the (meta)stability of the
alloy. These data allowed us to compute the reaction free energy for the decomposition of Gerich GST alloys into crystalline Ge (and eventually Sb and Te), a less Ge-rich alloy, and the GeTe
and Sb2Te3 binary compounds. The calculations provide a map for the decomposition paths of
Ge-rich alloys of any composition and allow us to quantify the propensity to decompose of any
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alloy and its most probable decomposition products. These results that have already been
published [Abou2021] will be briefly summarized below.
The map of the distance of the free energy of the different cubic alloys from the convex hull is
shown in Figure 1.

Figure 1. Map of the distance of the formation free energy (meV/atom) of the cubic alloys from the
convex hull. The shorter the distance the higher is the degree of (meta)stability of the alloy. The GeTeSb2Te3 and Ge- Sb2Te3 tie-lines are also shown in panel along with the points corresponding to some
stable (GeTe)n(Sb2Te3)m pseudobinary compounds. Figure adapted from Ref. [Abou2021].

Note that the alloys on the Sb-GeTe isoelectronic line are particularly stable since their energy is
very close to the convex hull. In fact, the GST212 alloy on the Sb-GeTe line was indicated a few
years ago as the starting point to obtain, by Ge enrichment, a “golden composition” for
embedded memories [Cheng2011].
The map of the distances from the convex hull allows us to study the possible decomposition
pathways of any alloy in the phase diagram as follows. We consider the decomposition free
energy of the GSTXYZ cubic alloy according to the reaction:
GSTXYZ → a GSTX’Y’Z’+b Sb + c Ge + d Te + e Sb2Te3 + f GeTe (1)
For each GSTXYZ alloy we can then construct a map of the decomposition free energy into a
generic GSTX’Y’Z’ cubic alloy in the ternary phase diagram. This map highlights which
decomposition paths are more likely to be seen during the crystallization of the amorphous
phase. As an example of this methodology, we have computed in [Abou2021] the decomposition
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map of the three alloys, GST312, GST412 and GST512, on the Ge-GST124 pseudobinary line
shown Figure 2. A point for the generic GSTX’Y’Z’ alloy in the decomposition map of GST312, for
instance, gives the value of the decomposition free energy for the formation of GSTX’Y’Z’
according to Equation (1). A negative reaction free energy indicates an exothermic reaction. The
larger and more negative the reaction free energy is, the more favored is the corresponding
decomposition pathway. Several competitive channels for decomposition with very similar
reaction free energies are actually viable. We thus expect the coexistence of different cubic alloys
resulting from the crystallization of the amorphous phase of Ge-rich GST alloys during the
operation of the memory. The decomposition propensity is, however, different for the three
alloys on the Ge-GST124 pseudobinary line. The alloy that is richer in Ge is in fact more prone to
decompose into crystalline Ge and a less Ge-rich alloy, as shown by the presence of a larger blue
(more exothermic reactions) region in the decomposition map of GST512.

Figure 2. Maps of the decomposition pathways during crystallization of a) GST312, b) GST412, and c)
GST512. The color code gives the reaction free energy (meV/atom) to form the cubic alloys on the ternary
phase diagram starting from the reactant, i.e., GST312 in panel a). Figure taken from Ref. [Abou2021].

We attempted to quantify the decomposition propensity by counting the exothermic
decomposition channels weighted by their reaction free energy. This procedure is repeated for
all possible starting GSTXYZ alloys which yielded the map of the propensity to decompose shown
in Figure 3 [Abou2021].
This map suggests a possible tuning of the alloy composition to minimize the decomposition
propensity by still keeping a higher TX. The phase separation itself is believed to be the origin of
the raise of TX because of the mass transport on a long length scale involved in phase
segregation. However, previous analysis of DFT models of the amorphous phase as a function of
composition revealed that moving away from the GeTe-Sb2Te3 tie-line by increasing either the
Ge or Sb content along the Ge-GST124 [Sun2021], Sb-GeTe [Gabardi2012] and Ge-Sb2Te3 lines
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[AbouPRM2021], leads to an amorphous network which is more and more dissimilar from the
cubic crystal with an increase of the homopolar bonds, Ge atoms in tetrahedral sites and longer
rings in place of four-membered ones. All these structural features hinder the crystallization
since they are not present in the crystal. Therefore, we might conceive to reduce the crystal
nucleation rate and then improve data retention by increasing the Ge or Sb fraction to enhance
the dissimilarity between the crystal and amorphous phases by moving away from the GeTeSb2Te3 pseudobinary line. The propensity map in Figure 3 tells us that if we increase the Ge or Sb
content by keeping close to the Sb-GeTe line we can also minimize the propensity to decompose
during crystallization.

Figure 3. Map of the decomposition propensity of the cubic phase of GST alloys on the ternary phase
diagram. Low values (blue region) indicate a low propensity to decompose. Figure taken from Ref.
[Abou2021].

The feasibility of this strategy was confirmed by the experimental partners who grew two Gerich alloys on the Ge-Sb2Te3 and the Ge-Ge2Sb2Te5 tie-line. The experimental results on the phase
separation and crystallization temperature of these two alloys, labelled H-Ge-ST and H-Ge-GST
were reported in deliverable D4.2. It was shown that H-Ge-GST crystallizes by segregating a
lower fraction of crystalline Ge with respect to H-Ge-ST, which agrees with the map in Figure 3
since H-Ge-GST is closer to the Sb-GeTe line. Still H-Ge-ST and H-Ge-GST have a similar Tx of
about 270 oC. The decomposition maps of H-Ge-ST and H-Ge-GST computed from the DFT data
and reported in Figure 4 show that the reaction free energy is negative for a wider part of the
phase diagram for H-Ge-ST. In comparison, far fewer exothermic pathways are obtained for the
decomposition of H-Ge-GST, suggesting that this alloy should have a lower tendency to
decompose in agreement with the lower fraction of segregated Ge measured experimentally.
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Figure 4. Maps of the decomposition pathways during crystallization of a) H-Ge-ST and b) H-Ge-GST
obtained from DFT data on the formation free energies. Figure taken from Ref. [Cecchi2022].

The DFT data allowed us to compute also the average atomic fraction of segregated Ge along the
decomposition pathways of a generic GSTXYZ alloy in the ternary phase diagram. The map
shown in Figure 5 confirms that a lower fraction of Ge is formed in the crystallization of H-GeGST with respect to H-Ge-ST.

Figure 5. Average crystalline Ge fraction segregated upon crystallization, as obtained from DFT
calculations in Ref [Abou2021]. The H-Ge-ST and H-Ge-GST compositions fall within the ellipses on the
Ge-Sb2Te3 and Ge-GST225 tie-lines, respectively. Figure adapted from Ref. [Cecchi2022].

H-Ge-GST has thus a lower tendency to decompose than H-Ge-ST, but the two alloys have a
similar Tx because they have a similar fraction of the structural features that hinder
crystallization, i.e. Ge-Ge homopolar bonds, Ge atoms in tetrahedral geometries and longer rings,
as shown in Figure 6. Data in Figure 6 are compared to previous results for GST225 and refer to
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216-atom models of the amorphous phase generated by quenching from the melt by DFT
molecular dynamics simulations.

a)

b)

Figure 6. a) Fraction of Ge-Ge homopolar and Ge atoms in a tetrahedral geometry and b) rings
distribution function for models of amorphous H-Ge-ST, H-Ge-GST and GST225 generated by quenching
from the melt in DFT molecular dynamics simulations.

Finally, we also computed the decomposition map for GST523 that was studied experimentally
by several partners. Experimental results on the phase separation during crystallization of
GST523, as reported by UGRO in the next section 2, shows the formation of crystalline GST243,
GST324 and GST213. The decomposition map of GST523 obtained from DFT data and reported
in Figure 7, shows indeed that all the three compositions seen experimentally fall close to the
green regions which correspond to the more favorable decomposition channels for GST523.

Figure 7. Map of the decomposition pathways during crystallization of GST523 as based on DFT
calculations [Abou2021]. The color code gives the reaction free energy (meV/atom) to form the cubic
alloys on the ternary phase diagram starting from the GST523 reactant. Compare this figure based on
simulation results with the experimental results shown in Figure 15 of section 2.
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Phase separation in Ge-rich GST at different length scales: Meltquenched bulk versus annealed thin films

To investigate the phase separation of a relatively large liquid volume of Ge-rich GST alloy,
partner UGRO produced a GST523 ingot heated to 950 ℃ for a sufficiently long time to ensure
that a completely homogeneous GT523 liquid is obtained. The quartz tube is rapidly quenched
into water by pulling it out of the furnace directly into a water bath at room temperature. The
strong driving force for phase separation of GST523 combined with the relatively fast cooling
produces phase separation on the scale of 1-100 μm that can be very well assessed by SEM and
also EDX performed in the SEM. Figure 8a shows a backscatter image with Z contrast and
therefore the observed dark phase is Ge-rich and the observed brighter phase in the image is Sb
rich. The EDX results in Figure 8b-e show that primary Ge dendrites are formed. The remaining
liquid solidifies with relatively homogeneous Te concentration but with complementary Ge and
Sb concentrations, i.e., phase separation in regions (1) high in Ge and low in Sb and (2) low in Ge
and high in Sb. In extreme form these two phases could be GeTe and Sb 2Te3, respectively, but
EDX shows that this is incorrect. So, also the observed morphology and EDX results are
consistent, i.e. (pure) Ge forms the largest primary dendrites because it is the phase with the
highest melting temperature that solidifies first, then the Ge-rich GST phase solidifies as smaller
secondary dendrites because it has an intermediate melting temperature and finally the
remaining Sb-rich GST solidifies last since it has the lowest melting temperature. The
morphology of the phases observed in SEM (also higher magnification images than shown here)
shows that all three distinct regions are crystalline in nature and that the cooling rate was thus
insufficient to create some amorphous phase.
Detailed quantitative analysis of SEM-EDX maps shows that the following three ‘phases’ are
formed: Ge, GST213 and GST243. GST213 can probably better be considered as GeTe, where
about one third of the Ge is replaced by Sb, and GST243 as a Ge-rich and Te poor GST with excess
Sb. The overall composition for the GST523 sample measured for the EDX map shown in Fig. 8e
gave on average (in at.%) 47.1 Ge, 21.8 Sb and 31.1 Te, which is reasonably close to the intended
one. The observed deviation from GST523 probably originates, because of the coarseness of the
primary Ge dendrites. Then even for a large area like shown in Fig. 8a, considerable fluctuations
can occur depending on how much of the Ge dendrites are exactly in the analyzed area. Since we
know the overall composition which is GST523 and we know reasonably the composition of the
three phase-separated phases (Ge, GST213 and GST243), we can estimate the fraction of atoms
present in each of the three phases. Then 30% of the atoms are in Ge, 40% in GST213 and 30% in
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GST243. When for simplicity assuming that the atomic densities are identical in the three phases
(which of course is a relatively crude approximation), then the same three fractions can hold for
the volume fraction of the three phases in the material and when sufficiently random distributed
also the area fraction in Fig. 8a. When looking at Fig. 8a qualitatively, these fractions appear
quite reasonable. However, the EDX mapping provides quantitative output regarding the area
fraction of the different phases. For example, Fig. 8f quantifies the fractions of the GST213
(secondary dendritic phase) and GST243 as 60% and 40%, respectively, which matches well the
4:3 ratio estimated above.

Figure 8. SEM-EDX mapping of water quenched crystalline alloy showing the formation of multiple
phases (a) SEM image showing the formation of Ge dendrites from the excess germanium in the system
and other phases. (b) Ge (c) Sb and (d) Te elemental maps. (e) A combined (Ge, Sb, and Te) elemental
mapping with clear color contrast shows three phases. (f) When taken away from the pure Ge dendrites,
an elemental map shows two distinct phases. The scale bar in (a) – (e ) is 100 µm, and in (f) is 20 µm.

In PLD, crystalline and amorphous (dense) targets can be used to ablate materials with a highpower laser and create thin-film layers on a given substrate. In another way, and relatively
common in PLD, powdered sintered (porous) targets can be used as target materials for ablation.
Combining individual elements of the necessary components and milling them into a fine
powder, which is then pressed into a pellet and sintered in a furnace, will produce a usable
target material. Of course, when dealing with the accurate weight of individual elements, there is
always a risk of deviating from the correct final composition due to the loss of elements in the
ball milling and mixing processes. Therefore, in the present work, multiple routes have been
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investigated to produce Ge-rich GST thin films. Since Ge-rich GST alloys can be considered Ge
addition to Sb2Te3, GST523 can be seen as (Ge)5 + (Sb2Te3)1. Based on this; we produced
‘superlattice like’ heterostructures with alternating pure Ge and Sb2Te3 layers. Although the
desired composition was achieved by varying the individual layer thicknesses, the produced
films showed severe problems with Ge oxidation and delamination. More details are given in the
next intermezzo.
-----------------Intermezzo – Ge-Sb2Te3 alternating layers.
One approach used to create a Ge-rich GST thin film was to alternate Ge and Sb2Te3 depositions.
For this approach, two different deposition methods have been investigated. The first one is to
ablate Ge and Sb2Te3 layers alternatively but in a somewhat “co-sputtering” approach. The idea
is to ablate a small number of constituents from each target to intermix in the as-deposited
sample. A recipe script was used to automate the alternative deposition with specific pulse
numbers and repetition rates. Thirty alternation steps were done to produce the thin film with
20 pulses of Sb2Te3 and 200 pulses of Ge for individual steps. A repetition rate of 1 Hz and 10 Hz
was used for Sb2Te3 and Ge targets, respectively. After the final step, a capping layer of LaAlO3
was deposited to prevent oxidation. Although it was possible to produce a thin film in this
approach, it was unstable. Figure 9 shows the plan view TEM image of the deposited thin film. It
is clear to see that the electron beam was enough to induce delamination, fracture and roll-up,
probably because the film experienced substantial internal stress due to deposition.

Figure 9. Transmission electron microscope image of a thin
film produced by alternating sublayers of Ge and Sb2Te3. The
number of pulses used to ablate the Ge and Sb2Te3 targets
was relatively small to approximate the deposition as a “cosputtering.” The idea of creating an intermixed layer in the
as-deposited amorphous phase was not successful since the
film was not stable, and the electron beam caused
delamination.
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In the second method, we moved away from ‘intermixing’ at the as-deposition amorphous phase
and moved to truly alternating layers. Here the individual layers are relatively thick (Sb2Te3
layers of 8 nm each and Ge layers of 10 and 15 nm). The produced thin-film heterostructure is
visible from STEM imaging and EDS elemental mapping of the cross-section in Figure 10. The
image clearly shows individual layers of Sb2Te3 and Ge, with an interface between them. The
overall composition of the heterostructure turned out close the desired value of GST523 since
we can control the individual layer thicknesses to achieve the overall composition. However,
there is a serious oxidation problem, as is evident from the chemical mapping. The oxidation of
the Ge target mainly causes this during preparation. Overall, the idea of alternatively depositing
Ge and Sb2Te3 layers seems promising at first. The capability of achieving any Ge-rich GST alloy
by varying layer thickness is desirable. However, the formation of unstable as-deposited phase
and severe oxidation of the Ge layer during PLD decided us to not proceed in this direction
further.

Figure 10. (a) High-angle annular dark-field (HAADF)-STEM image of a thin film cross-section produced
by alternating Ge and Sb2Te3 layers. In b), c), d) and e) EDS mappings of the elements Ge, Sb, Te, and O are
presented. (f) The line profiles of the different elements analyzed by STEM-EDS chemical mapping of the
heterostructure. The oxygen line profile follows the Ge line profile, indicating the formation of GeOx layer.

------------------
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Another alternative was to initiate the deposition process directly from the crystalline target.
Along the GeTe-Sb2Te3 tie line, GexSbyTez ternary alloys have multiple known stable phases,
with minimum or none phase separation (see Figure 11a inset). However, when Ge content is
increased and deviates away from this tie line, the stability of the alloy is thermodynamically
unfavorable, and phase separation is inevitable.

Figure 11. (a) GST523 crystalline target made by melting a combination of constituent elements at 950
°C. Clear phase separation is visible from the image. Inset shows a phase diagram of Ge-Sb-Te alloys
indicating the tie line of Sb2Te3-GeTe and the deviation toward Ge-rich GST regions. (b) Powder sintered
target, prepared by crashing the crystalline target for better yield and stoichiometric transfer. Inset show
SEM EDX mapping of the powder sintered target. A ‘single phase’ like powder target of GST523 was
produced.

Fig. 11a shows a backscatter SEM image of a (dense) crystalline GST523 PLD target with clearly
distinguishable phases present. The laser spot size for most PLD setups is much larger (3-9 mm2)
than the segregated individual grains of 10–100 µm range. Therefore, we could assume some
form of homogeneity inside the laser–target interaction volume during ablation. However, in our
deposition using the crystalline GST523 target depicted in Fig. 11a, the thin film composition
deviated significantly from the initial target stoichiometry. One primary reason is that the
ablation threshold and characteristics are different for individual phases, with different
elemental compositions present in the target material. As a next alternative, we crushed the
crystalline ingot into a fine powder, then compacted it into a pellet using high pressure. The
pellet was sintered at an elevated temperature in the final step. Fig. 11b shows an SEM image of
the final powder-sintered target, and the large area SEM-EDX analysis showing the
homogeneous distribution of the elemental constituents in the inset. Although still with an
overall GST523 composition, we created in this way a ‘pseudo-single phase’ powder target for
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deposition. Thin films of Ge-rich GST were deposited, and the stoichiometry transfer and the film
quality was dramatically improved when going from the initial crystalline target (Fig. 11a) to the
powder-sintered target (Fig. 11b).
Once a suitable target was made for material ablation, multiple depositions were performed to
create amorphous as-deposited Ge-rich GST samples. The variation of optical properties
between amorphous and crystalline phases in phase change materials can be probed
continuously to monitor the phase transition upon heating. Reflectance data are continuously
monitored using dynamic ellipsometry (DE) measurements while the sample is heated with a
constant temperature ramping. We have also prepared thin films of Sb 2Te3 and GST225 for DE
measurements for better insight into crystallization temperature variations with Ge content.
Figure 12a shows the results from DE measurement for Sb2Te3, GST225, and Ge-rich GST thin
films. All films have thicknesses of 35 - 40 nm, and a heating rate of 5 °C min−1 was used. The
normalized intensity shows the measured value for the ellipsometry parameter 𝜓 at 1400 nm
wavelength. The figure shows abrupt changes in the measured parameter upon phase
transformation for all three phases.

Figure 12. (a) Crystallization curves from dynamic ellipsometry measurements. Measurements of Sb2Te3
and GST225 are also plotted, in addition to the Ge-rich GST thin film, for better comparison. An abrupt
change in intensity indicates a phase transformation upon heating. (b) The first derivative of the intensity
from the dynamic ellipsometry measurement indicates exact crystallization temperature. Higher Tx
observed for Ge-rich GST samples.

In Fig. 12b, the first derivatives of the normalized measurement values are given. By fitting the
curves with a Gaussian function, we can accurately extract the crystallization temperature for
the thin films. Sb2Te3 and GST225 films crystallize at 120 °C and 146 °C, respectively. However,
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for Ge-rich GST thin films, crystallization happens at a higher temperature of 213 °C. Our Ge-rich
GST thin films thus show Tx values that are about 70 °C larger than the one of GST225 thin films.
Given the excess Ge content present in the Ge-rich GST thin films, the relatively higher Tx is not
surprising. It has been shown that increasing Ge content leads to higher Tx values for the ternary
phase [Zuliani2013; Zuliani2015].
TEM-EDX analysis of the as-deposited Ge-rich GST thin films shows an average composition (in
at.%) of 46 Ge, 22 Sb, and 32 Te, which deviated from the initial target composition GST523. This
deviation is caused by the formation of Ge-rich particulates. Formation of particulates is inherent
to most PLD systems as also explained in more detail in deliverable D4.1. Figure 13 shows crosssectional images and EDS results of as-deposited and annealed Ge-rich GST samples obtained
using TEM and S/TEM characterization. Fig. 13a and 10b show BF-TEM images of a Ge-rich GST
thin film before crystallization and after annealing at 450 °C for 30 min. Brighter and darker
areas are visible in the as-deposited phase, and the image contrast is not homogeneous. The
contrast is attributed to the local variation in composition and not because of diffraction contrast
[Agati2019]. After annealing, the local composition is disturbed due to clusters of grain
formations with different compositions. The first reasonable assumption for the image contrast
would be that since Sb and Te have comparable atomic numbers, Ge-rich and Ge-poor regions
are present. This assumption is then verified by the high-angle annular dark-field (HAADF)STEM images and STEM-EDS chemical mappings. Fig. 13c shows the HAADF image for the
annealed Ge-rich GST sample with clear contrast with local composition variations. Figs. 13d-f
show the chemical mapping distribution of Ge, Sb, and Te, respectively. Comparing the HAADF
image with the EDS mappings, it is clear that the darker regions in the image indeed represent
Ge-rich zones. Although some local variation in all constituents is present, the Sb composition
shows a relatively homogeneous map compared to Ge and Te. The homogeneously Sb intensity is
contradictory to the results found in the SEM-EDX analysis of the melt-quench crystalline target,
where Te was relatively homogeneous. This discrepancy could be attributed to the length scale
associated with the measurement areas. The measurement and analysis are in the nm range for
the thin film and the µm range for the crystalline target. Underlying is that the length scales in
the crystalline targets are associated with quenching relatively slowly from the melt at high
temperature, whereas the length scales in the thin film are associated with heating the solid
(initially amorphous) phase. Of course decomposition can occur must faster over long distances
in liquid at high temperature than in solid at low temperature.
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Figure 13. BF-TEM images of Ge-rich GST thin film in (a) as-deposited phase and (b) after annealing at
450 °C for 30 min. High-angle annular dark-field (HAADF)-STEM image (c) and STEM-EDS chemical
compositions of (d) Ge, (e) Sb, and (f) Te for the annealed Ge-rich GST sample.

To further investigate the phase decomposition and formation of multiple phases in the Ge-rich
GST thin films and compare the STEM-EDS results with the SEM-EDX analysis of the crystalline
target, we need to analyze the local composition variation in the thin film. A somewhat crude
way of investigating the local chemical variations is by analyzing the color contrast in the
combined chemical mapping, in addition to the intensity line profiles. The combined chemical
mapping and the selected areas for local composition analysis are given in Figure 14a. The line
intensities of all elements (presented in Fig. 14c) change throughout the film thickness,
indicating the presence of multiple regions with different compositions and phase separations.
The phase separations are associated with the Ge-rich phases and Te/Sb-rich regions. As can be
seen from the line profiles, an increase in Ge intensity is accompanied by a decrease in Te/Sb
intensity and vice-versa. What is interesting is the migration of Ge to the film surface. This Ge
migration reduced the Te/Sb content in the region and induced higher Ge oxidation. The oxygen
chemical mapping in Fig. 14b shows that the film is susceptible to oxidation. Moreover, oxidation
intensity in Fig. 14c resembles that of Ge, indicating Ge is oxidized throughout the film. Fig. 14e
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shows a high-resolution STEM image of some of the grains found in the sample. Most of the
grains in the image appear to be relatively pure Ge crystals (with d spacing of 3.25Å). Another
grain (with a lower d-spacing of 1.84Å) is also presented, which could not be indexed to any
known Ge or GST phase.

Figure 14. (a) The combined (Ge, Sb, and Te) STEM-EDS chemical mapping of the Ge-rich GST sample.
Based on color contrast, multiple areas are selected for local composition analysis. The EDS chemical
composition of Oxygen is given in (b). (c) The line profile of the combined and the oxygen STEM-EDS
chemical mapping of the Ge-rich GST sample. The oxygen line profile is scaled for better comparison with
the Ge line profile. (d) Atomic fraction (in at.%) of the individual selected areas in (a) are plotted and
compared with the atomic fraction from the melted target. (e) High-resolution images of some grains in
the annealed sample with the inset showing the FFT.

A closer look at Fig. 14a shows the presence of three primary color variations that stand out.
This color variation is highly dependent on Ge content. What that means is we can interpret the
colors as high Ge content or ‘deep red’ (near the film surface and represented by area #3),
medium Ge content or ‘light red’ (area #2 and #4), and low Ge content or ‘no red’ (area #1, #5,
and #6). Multiple areas from the different color groups have been selected, and their local
composition is plotted in Fig. 14d. For comparison, we also plotted the actual compositions (in
at.%) of GST213 and GST243 phases identified and measured in the melt-quenched crystalline
D4.4

p. 18 of 40

BeforeHand – 824957
target. Note that the pure Ge phase found in the crystalline target is not included in the plot.
Results from similar color groups have been averaged, and a composition for the tertiary alloy is
extracted. As expected, the three regions show three different local compositions of GST721,
GST522, and GST324. We can find multiple similarities and differences between the STEM-EDS
and SEM-EDX results based on the plot in Fig. 14d. The first and obvious similarity is the
formation of pure Ge (close to pure for GST721) phase in the Ge-rich GST thin film and the
melted crystalline target. The pure Ge presence is not surprising since the initial composition has
excess Ge. The SEM image in Fig. 8a and the high-resolution STEM image in Fig. 14e both confirm
the presence of pure Ge. Another similarity is the presence of a Te-rich phase in both samples.
GST324 in the annealed thin film and GST213 have comparable properties in the plot such that
they both are higher in Te, similar in Ge, and lower in Sb concentration. One could even
approximate the GST324 alloy as GST213 + GeTe.
Despite the similarities, some glaring differences exist between the compositions extracted from
the thin film and form the crystalline target. The first is an Sb-rich phase in the crystalline target
(GST243) which was not found in the thin film. Another difference is the phase GST522 found in
the thin film, closely resembling the initial GST523 phase. It is worth noting that the difference in
some of the local compositions of the thin film from the crystalline target could be attributed to
multiple factors. One reason could be the difference in mobility of the constituents in the thin
film and the melted target due to the supplied heat to the system. Starting from the melt, at 950
°C, would have the upper hand in providing enough energy to the system compared with
annealing at 450 °C for 30 min. In addition, atomic mobilities are much higher in the liquid than
in the solid. We could even argue that the GST522 phase is the prime example of the slow
diffusion of constituents in the solid thin film since it is close to the starting GST523 composition.
Another factor for the difference could be the length scale used for the measurement. For the
thin film, due to the high accelerating voltage of the S/TEM (300 kV compared to the 30 kV for
SEM), the resolution in the chemical mapping is much better. Hence the S/TEM-EDS provides an
opportunity to correctly probe the local composition of the sample within nm scales. In the SEMEDX, however, individual pixel sizes were limited to µm length scale for our sample. Therefore,
the order of magnitude difference in resolution could produce aggregated/averaged
compositions of nm length scale in a single µm length pixel, thus providing a biased estimation.
Still, it is expected that both techniques capture the correct length scale since it is inherently
longer by quenching, rather slowly (despite using water quenching), a bulk material from liquid
at high temperature compared to heating a solid thin film at relatively low temperature. In a true
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memory device of course also melt-quenching is employed, but then, using short electrical pulses
(< 100 ns) and very small material volumes that are switched, melt-quenching can be extremely
fast, thereby limiting phase separation. Nevertheless, Ge-rich GST alloys are very susceptible to
phase separation and even in such memory devices it is unlikely that it can be suppressed
completely.
The phase separation of Ge-rich GST alloys has been theoretically investigated by means of DFT
calculations by partner UMB (see section 1) to identify possible separation pathways [Abou2021,
AbouPRM2021, Sun2021]. To identify the similarities and differences between our result and
that of the theoretically predicted phase separations, we plot the results from STEM-EDS and
SEM-EDX analysis in the ternary phase diagram as presented in Figure 15. The plot identifies
four phases: 1 – the starting phase, 2 – the pure Ge phase, 3 – phases close to the GeTe-Sb2Te3
tie-line, and finally 4 – an Sb-rich phase found in the large scale SEM-EDX analysis of the meltquenched crystalline target.

Figure 15. The phase diagram of the starting composition and the final phases found from the STEM-EDS
and SEM-EDX results. The black circle represents the initial phase of the thin film ((in at.%) 46 Ge, 22 Sb,
and 32 Te). The blue squares represent elemental compositions extracted from STEM-EDS analysis of the
annealed thin film. Finally, the red triangles show the compositions of phases found from the meltquenched crystalline target in SEM-EDX analysis. The GeTe-Sb2Te3 tie-line, with Sb2Te3, GeTe, and
GST225 compositions, are also presented for comparison. Compare this figure based on experimental
results with the simulation results shown in Figure 7 of section 1.
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When comparing our experimental results with previous DFT results for the GST523 alloy
[AbouPRM2021], both agree that Ge must be formed. Both agree that the formation of the Sb2Te3
phase is unlikely. Our experimental results do not show alloy formation on the GeTe- Sb2Te3 tieline, meaning the phases seen are more likely metastable cubic and not trigonal. The DFT work
shows that the formation of metastable cubic phases like GST221 and GST323 became
competitive when moving away from the trigonal phases. This observation seems to align with
our experimental results, given the compositional similarities (GST323 from simulation to
GST324 of STEM-EDS and GST213 of SEM-EDX results) and the energetically favorable
decomposition into two phases (e.g., Ge and GST234) instead of three phases (e.g., Ge, GeTe, and
GST221). Indeed, one apparent deviation from the theoretical results of [AbouPRM2021] is the
presence of Sb-rich GST phase GST243 in our experimental result. We must, however, consider
that only a subset of the possible decomposition pathways was analyzed in [AbouPRM2021].
To improve over the previous theoretical analysis, we have here adopted the more systematic
approach exploited in our previous work [Abou2021] to study the decomposition of alloys on
the Ge-GST124 tie-line. The DFT formation free energy of the alloys in the metastable cubic
phase was provided [Abou2021] for all compositions in the central part of the ternary phase
diagram. The calculated free energy consists of the total energy at zero temperature and the
configurational free energy (at room temperature) due to disorder in the cubic sublattices. We
used this information to compute the reaction free energy for the decomposition pathways of
GST523 into a generic GexSbyTez cubic alloy plus elemental Ge, Sb and Te and the binary GeTe
and Sb2Te3 compounds, as discussed in [Abou2021] to which we refer to for all the details. This
calculation yields the map of the decomposition free energies shown in Figure 7 of section 1.
Each point in the map gives the value of the decomposition free energy for the formation of the
corresponding alloy from GST523. The vibrational contribution to the reaction free energy, not
included in Fig. 7, was shown to be negligible [AbouPRM2021]. The more negative the reaction
free energy is, the more favored is the corresponding decomposition channel. The green regions
in Fig. 7 thus correspond to the more favorable decomposition products which do include the
three alloys GST213, GST324 and GST243 seen experimentally. The decomposition map in Fig. 7
indicates that the formation of alloys close to GeTe should be thermodynamically favored as well.
However, as discussed in [AbouPRM2021], the formation of alloys close to GeTe requires a
strong segregation of both elemental Ge and Sb which might be kinetically more difficult. Kinetic
hindrances might thus explain the absence of alloys close to the GeTe composition in the
experimental samples.
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In summary, in this section 2 chemical mappings and local phase separations at different length
scales have been investigated in Ge-rich GST alloys using SEM-EDX and STEM-EDS techniques.
For a bulk crystalline sample, water-quenching produced three thermodynamically favored
phases. These phases are pure Ge, Ge-rich phase, and Sb-rich phases. In addition to the SEM-EDX
measurements on a relatively large length scale, STEM-EDS analyses have been performed on a
smaller length scale on annealed Ge-rich GST thin films. For deposition of initial Ge-rich GST asdeposited thin films, pulsed laser deposition parameters and target preparation steps were
optimized. Dynamic ellipsometry measurements on the as-deposited Ge-rich GST thin films have
been used to determine the crystallization temperatures accurately. Pulsed laser deposited Gerich GST thin films have an elemental composition close to GST523, and their crystallization
temperature was 70 ℃ higher than holds for the prototypical GST225 alloys. STEM-EDS analysis
on the annealed Ge-rich GST thin films show thermal treatment at 450 ℃ for 30 min induced
phase separation into pure Ge and Ge-poor GST phases. One would assume, because of
thermodynamics, the phases observed after separation would lie on the GeTe-Sb2Te3 tie-line.
Interestingly that is not the case here. The identified phases actually lie in between the GeTeSb2Te3 and the Ge-Sb2Te3 tie-lines. This outcome was predicted in a previous theoretical work
[AbouPRM2021] to be due to the formation of the metastable cubic phases instead of the
trigonal ones. The DFT calculations (section 1) of the reaction free energy provides a
comprehensive map for the decomposition pathways of GST523 which encompass the
compositions seen experimentally among those thermodynamically favored. Our work provides
experimental and theoretical evidences to the possible separation pathways in Ge-rich GST
alloys, which is a valuable input in choosing future Ge-rich GST alloys for phase change memory
applications.
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4

Atomic resolution analysis of Ge-Sb2Te3 heterostructures

A strategy to produce Ge-rich GST alloys is by growing alternating layers of for instance Sb2Te3
and (pure) Ge. This strategy was already adopted and described above in the intermezzo of the
previous section (3) for PLD growth. There, indeed, after room temperature deposition it
seemed that the right multilayer was produced (see Fig. 10). However, a prime problem there
was that the Ge layer was too much affected by oxidation. A way to solve this problem is using
MBE for the growth since this technique works in ultra-high vacuum, whereas the vacuum used
during PLD has a base pressure a few orders of magnitude higher. MBE is particularly renowned
for growing epitaxial crystalline films. Sb2Te3 can be grown very well epitaxially on Si(111)
passivated with a monolayer of Sb. Then, when growing Ge layers on top of the Sb2Te3 it is hard
to maintain high quality epitaxy. In order to grow an Sb2Te3-Ge heterostructure of high quality
it is necessary to keep the Ge sublayers very thin. This approach was adopted by PDI and two
types of films were grown as explained in Table 1 below. On top of the final (5th) Ge layer a thin
Sb2Te3 capping layer is added. The overall composition of the film was derived using STEM-EDX.

Table 1. Two crystalline Sb2Te3-Ge multilayers as grown epitxaxially on Sb-passivated Si(111) using
MBE. The Ge sublayers had to be kept very thin, because with thicker layers the epitaxy is deteriorating
too much. The overall composition of the film was determined using STEM-EDX.

In this deliverable we show new results regarding the atomic resolution characterization using
STEM-HAADF of these two types of Ge-Sb2Te3 heterostructures. Figure 16 shows an example
image of the N=2 sample (low Ge concentration). Unfortunately the top part of the film is
damaged by the FIB preparation used for making the cross-section TEM sample. Still, sufficient
part of the film is well preserved for atomic structure characterization. In the image the number
of atomic layers between van-der-Waals (vdW) like gaps are indicated. At the bottom a 5 layer
vdW block is observed, showing that the Sb2Te3 quintuple is preserved directly at the interface
with the Si substrate. Higher up in the film only thicker vdW blocks are observed, frequently as
thick as 11 and 13 layer blocks, which shows that GST has been formed and that the Ge atomic
layers have been completely intermixed with the Sb2Te3 quintuples. Indeed, the Ge bilayers are
not observed anymore. A bilayer as indicated by the dashed green rectangular box that stretches
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over the entire width of the image is present, but its Z-contrast is too high for a Ge bilayer.
Instead this is potentially an Sb bilayer. Shorter dashed red rectangular box are also placed on
the image to indicate bilayer defects ( also called ‘zippers’) that allow for movement of vdW gaps
up or down in the film, i.e. when zippers move left or right the vdW gaps move two atomic layers
up or down. These defects have now been well characterized experimentally (by STEM-HAADF)
and by DFT simulations [Yu2015, Yu2016, Ross2016, Momand2017].

Figure 16. Atomic resolution STEM-HAADF cross-section image of the [(Sb2Te3)2/(Ge)2]5 heterostructure
grown using MBE on Sb passivated Si(111). The number of atomic layers in the van-der-Waals blocks are
indicated on the image. Also a bilayer, probably Sb, and bilayer defects are indicated by the dashed green
and red rectangular boxes, respectively.

Now a relevant and interesting point is to explain the thickness of the VdW blocks based on the
overall composition of the film. This was done in deliverable D4.1 for (Ge-rich) alloys with a
composition on the GeTe-Sb2Te3 tie-line, where particularly GST528 and GST225 were analyzed
in detail. The situation is here different. We are not anymore on the GeTe-Sb2Te3 tie-line, but on
the Ge-Sb2Te3 tie-line. Then it is interesting to see how the Ge atoms can be accommodated in
the vdW blocks. The overall composition of the N=2 sample is close to GeSb3Te4. When
assuming simplified Kooi stacking this suggests that the overall structure would be composed of
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7 layer blocks and one Sb bilayer per two 7-layer blocks. Indeed, 7 layer blocks are definitely
observed, see Fig.16. Still, this does not explain why also the thicker 11 and 13 layer blocks are
present. However, it has been demonstrated that the Kooi stacking with pure GeTe layers
intercalated in the middle of an Sb2Te3 quintuple is a simplification of the actual structure,
because there is substantial intermixing of Ge and Sb on the cation sublattice in-between the Te
planes forming the anion sublattice. So, if we assume that 1/3 of all Sb atoms become present on
the Ge plane sites then the new pseudo-Kooi stacked GST becomes Ge2Sb2Te4. This GST can be
associated readily with an 11 layer structure and one Sb bilayer per two 11-layer blocks. Indeed,
this would explain the experimentally observed presence of 11 layer blocks well. Still, we maybe
observe one Sb bilayer per five vdW blocks, but not one such bilayer per two 11 layer blocks. A
much lower concentration of such bilayers will (only) occur if also part of the Sb intermix with
Te on the anion sublattice. For example, when starting from the pseudo-Kooi stacked Ge2Sb2Te4
and then assume that in addition only 1/8 of the ‘remaining’ Sb will become present on the Te
plane sites, we get Ge2Sb1.75Te4.25. This GST can be associated with one Sb bilayer per four 11
layer blocks plus two 9 layer blocks, i.e. only one Sb bilayer per six vdW blocks. This result
matches very well with the experimental observations. So, the conclusion is that starting from
the too simplified Kooi stacking we can explain the experimental observations if there is (1)
considerable amount of Sb on the Ge planes, i.e. considerable intermixing between Ge and Sb,
which is a well-known effect, but (2) also some presence of Sb atoms on the Te planes. This latter
effect has (as far as we are aware) not been mentioned in literature. Actually, also in deliverable
D4.1 the results for the observed vdW blocks for GST alloys on the GeTe-Sb2Te3 tie-line could
only be explained well when both types of intermixing were assumed for Sb. At that time it was
considered rather speculative and indirect evidence, but with the present result the indirect
evidence becomes stronger that Sb is also present on the Te planes.
Instead of counting atomic planes between vdW-like gaps in STEM-HAADF images, it would be
better to use a technique that is truly sensitive to the chemical composition of individual atomic
planes in the cross-section structure. Such techniques can be (probe corrected) STEM-EELS or
STEM-EDX. The latter technique has been used in the present work and an example result is
shown in Figure 17. This result is of sufficient quality to observe the composition modulation
per atomic plane all the way from the interface with the Si on the right in Fig. 17 to the Sb2Te3
capping on top of the heterostructure on the left in Fig. 17. The five repetitions of the
[(Sb2Te3)2/(Ge)2]5 heterostructure can still be observed in the Ge signal. Overall the correlation
of the Ge, Sb and Te signals in Fig. 17 allow a convincing localization of the vdW gaps. The
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(center) location of the vdW gaps are indicated by the vertical dashed black lines in Fig. 17. Then,
particularly based on the Te signal, it is easy to count the number of atomic planes between the
vdW gaps (because this is 2n-1 with n the number of Te planes). Then the five repetitions result
in vdW blocks with thickness of 1x7 layers, 2x9 layers and 2x13 layers. This result in Fig. 17 for a
different region is very well consistent with the results extracted from Fig. 16.

Figure 17. STEM-EDX elemental line scans of the cross-section of the [(Sb2Te3)2/(Ge)2]5 heterostructure.
Dashed black lines indicate the position of van-der-Waals gaps. The numbers of atomic layers between
the vdW gaps are also provided. Dashed white line indicates the position of the ‘Sb’ passivation layer on
Si(111).

The compositional line scans give information that cannot be extracted easily from STEMHAADF images like shown in Fig. 16. Fig. 17 clearly shows that in each vdW block Ge
concentration is highest near the center of the block and Sb concentration is highest at the edges
of the vdW block. Still, it is proven that Sb concentration is still significant near the center of the
block. This shows that the assumption made above regarding the intermixing between Sb and Ge
is actually true, i.e., starting from the Kooi stacking, Sb is particularly present on the Ge planes
(and Ge is less present on the Sb planes). However, the results in Fig. 17 are unfortunately not of
sufficient quality to show if Sb atoms are or are not present on the Te planes.
Still, an interesting effect for the ‘Sb’ passivation layer can be observed. This layer is indicated in
Fig. 17 by the dashed white line. Indeed, Sb shows a weak peak at this position. However, Te
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shows a rather strong peak. This leads to the conclusion that the pure Sb passivation layer that is
present on the Si(111) before growth is modified into a Te-rich layer SbTe layer after growth. It
demonstrates, at least for this type of atomic layer, that there is also intermixing between Sb and
Te and not only between Ge and Sb. Sb is therefore playing kind of dual role since it can intermix
both on the cation and anion sites. However, one has to be careful with such wordings, because
the bonding is hardly ionic (instead it is close to metallic: incipient metal). Therefore, this dual
role of Sb can be rationalized.
Up to now in this section only the N=2 (low Ge concentration) sample, see Table 1, was analyzed.
STEM-HAADF images were also obtained for the N=4 (high Ge concentration) heterostructure. A
typical image is shown in Figure 18 that is directly comparable with the one shown in Fig. 16.
Indeed, both images show very similar characteristics. Again, the bottom (one or two)
quintuple(s) is preserved directly at the interface with the Si substrate. This is observed at all the
many different locations imaged in the cross-sections of both types of MBE grown Ge-Sb2Te3
heterostructures. This demonstrates that the Ge intermixes upward with the Sb2Te3 and not
downward in the direction of the substrate. Also similar sized vdW blocks, similar bilayer defects
and one bilayer probably composed of Sb are observed in both Figs 16 and 18. The similar size of
the vdW blocks is not expected. With (nearly) double Ge concentration it is also expected that
nearly double sized vdW blocks would be present. This is clearly not observed, although
somewhat thicker blocks of 15 and 17 atomic layers are present in Fig.18 that are not observed
in Fig. 16.
The overall composition of the N=4 sample according to STEM-EDX is close to Ge2Sb3Te4
(indeed doubling the Ge concentration with respect to the N=2 sample). When assuming simple
Kooi stacking this suggests that the overall structure would be composed of 11 layer blocks and
five Sb bilayers per four 11-layer blocks. Indeed, 11 layer blocks are definitely observed, see
Fig.18. However, the concentration of Sb bilayers would be unrealistically high, because certainly
not observed experimentally. Now, assuming that 1/6 of all Sb atoms become present on the Ge
plane sites then the new pseudo-Kooi stacked GST becomes Ge2.5Sb2.5Te4, i.e Ge5Sb5Te8. This
GST can be associated readily with a 15 layer structure and three Sb bilayers per two 15-layer
blocks. Indeed, this explains the experimentally observed presence of 15 layer blocks well, but
the amount of Sb bilayers is still unrealistically high. Now, when starting from the pseudo-Kooi
stacked Ge5Sb5Te8 and assume that in addition 1/5 of the ‘remaining’ Sb will become present
on the Te plane sites, we get Ge5Sb4Te9. This GST can be directly associated with one Sb bilayer
per three 13 layer blocks plus one 11 layer blocks, i.e. only one Sb bilayer per four vdW blocks.
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This result seems to match rather well with the experimental observations. Interestingly, these
reasonable intermixing scenarios show that, when doubling the Ge concentration, the thickness
of the vdW blocks only increases marginally. This is consistent with the experimental
observations when comparing Fig. 18 with Fig. 16.

Figure 18. Atomic resolution STEM-HAADF cross-section image of the [(Sb2Te3)2/(Ge)4]5 heterostructure
grown using MBE on Sb passivated Si(111). The number of atomic layers in the van-der-Waals blocks are
indicated on the image. Also a bilayer, probably Sb, and bilayer defects are indicated by the dashed green
and red rectangular boxes, respectively. This figure can be compared directly compared with Fig. 16.
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5

Intermixing between Sb2Te3 and GaSb bilayer structures

GaSb is an interesting PCM because it shows favourable properties among which a relatively
high crystallization temperature (Tx) of about 295 ℃ and a very fast switching (< 25 ns)
[ChengAPL2011]. When we did grow (using PLD) stoichiometric GaSb directly on SiOx (on Si
wafer) we found a Tx of 225 ℃ and when sandwiched between Sb2Te3 layers the crystallization
temperature decreases to about 200 ℃, as was already shown in D2.3 (Fig. 14). So, even for films
deposited at room temperature, Sb2Te3 accelerates the crystallization of GaSb which can be
rationalized because of the following two reasons: (i) Sb2Te3 crystallizes already below 100 ℃
and acts as crystallization seed for the GaSb and (ii) Sb2Te3 and GaSb react with each other at
the interface and this also supports the crystallization of GaSb. At UMB DFT simulations have
been performed for the Ga-Sb-Te system showing that Ga4Sb6Te3 is the stable phase formed by
the reaction between (GaSb)4 and Sb2Te3 as also described in detail in D4.1. New here is that we
performed more detailed STEM-EDX analysis of bilayers of Sb2Te3 and GaSb (each 30 nm thick)
annealed (for 1 hour) at different temperatures. Illustrative results are shown in Figure 19
below.
Several conclusions can be drawn based on the results presented in Fig. 19:
1. The intermixing between the two layers, GaSb and Sb2Te3, is very limited for annealing
(1 hour) up to 250 ℃.
2. After annealing (1 hour) at 350 ℃ the bilayer structure is lost and the two layers strongly
intermix into new phases, i.e. with distinctly new colors in the RGB map.
3. There appears a clear (strong) driving force for Ga diffusion from the top layer into the
bottom layer with, in the end, about equal Ga concentration in bottom and top part of the
film.
4. Sb on the other hand is somewhat enriched in the top layer and depleted in the bottom
layer. The concentration was 50 at.% in the top layer and 40 at.% in the bottom layer and
this difference is clearly enlarged.
5. Te diffuses from the bottom layer to the top layer, but the concentration in the top half of
the film stays more than a factor two lower.
6. Ga is also segregating to the film surface and since the melting point of pure Ga is only 29
℃, it probably relates to a wetting layer on the top surface during annealing, that again
solidifies upon sufficient cooling.
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Figure 19. STEM-EDX elemental maps showing the distribution of Ga, Sb and Te in PLD grown bilayers
with 30 nm GaSb on top of 30 nm Sb2Te3 after different annealing conditions with temperature in ℃
indicated at the top. Upto an annealing temperature of 250℃ the bilayers are relatively stable, but after
annealing for one hour at 350 ℃ strong intermixing occurs and new phases are formed which are
probably Ga4Sb6Te3., Ga4Sb2Te7 and a phase close to pure Sb.

The nice point about the RGB images in general, where in the specific case of Fig. 19 Ga is red (R),
Sb is green (G) and Te is blue (B), is that the color of a (binary or ternary) phase can be estimated
based on the ratio of the different elements present in this phase. For the starting image on the
left this can be nicely checked as is done by the colors in the squares on top of the image for GaSb
(equal amounts of red and green) and Sb2Te3 (40%G and 60%B). Indeed, these predicted colors
match well with the experimentally observed ones. Now for the 350 ℃ annealed film we expect
that the phase predicted by DFT Ga4Sb6Te3 is formed. The corresponding dark green color
predicted in the square on top of the image might indeed be present, but this is not so obvious. In
contrast, it is very obvious that a new purple phase is formed in the bottom half of the film. This
color can be reproduced well when we assume that the new phase Ga4Sb2Te7 is formed (i.e. 4
bilayers GeTe + 1 quintuple Sb2Te3). Not only the color matches well, but these concentrations
are also quite consistent with the (relative) intensities in the line profiles in the bottom half of
Fig. 19. Furthermore, it is relatively obvious that regions with almost pure Sb are formed at the
interface more to the top of the film. For equal layer thicknesses of GaSb and Sb2Te3 (we start
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with at the beginning) the overall composition of the whole film can be represented as
Ga5Sb9Te6. Now, when assuming that this overall composition is decomposed after annealing at
350 ℃ into the three phases Sb, Ga4Sb6Te3 and Ga4Sb2Te7 (where we thus neglect the Ga
wetting layer at the film surface) we can determine the volume fractions of these three phases.
When we assume that in all phases the number of atoms per unit volume is the same, then these
volume fractions are about 20%Sb, 40% Ga4Sb6Te3 and 40% Ga4Sb2Te7. Indeed, these
predicted fractions seem to be consistent (at least are not contradicted by the experimental
observations).
Real proof of the formation of new phases should come from a technique like X-ray diffraction
(XRD), where diffraction peaks can be associated with certain crystal phases. Therefore, XRD
was performed on the same four samples as also analyzed in Fig. 19 and the results are
presented in Figure 20.

Figure 20. XRD spectra of the PLD grown bilayers with 30 nm GaSb on top of 30 nm Sb2Te3 after
different annealing conditions with temperature in ℃ as indicated by the color coding. At the bottom the
powder diffraction spectra from reference data base of the two (expected) phases Sb2Te3 and GaSb are
shown in red and orange, respectively.

In the 30C (RT) sample relatively weak and broad peaks are present that can be associated with
Sb2Te3 and GaSb. This, at first sight, is surprising since deposition is performed at room
temperature and the structure is mostly expected amorphous. The expected amorphous
structure is also consistent with the clear change in optical properties detected using
ellipsometry when (fully) crystallizing these films at elevated temperature (120℃ for Sb2Te3,
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see Fig. 12 and 225 ℃ for GaSb). So, the conclusion must be that PLD deposition at RT results in
very small crystallites embedded in an amorphous matrix. Indeed, with TEM such small
crystallites in an amorphous matrix were detected earlier in Sb2Te3, see deliverable D2.1. When
annealing (1 hour) at 150℃ it is expected that clear Sb2Te3 peaks would show up since this
temperature should fully crystallize the Sb2Te3 sublayer. Sharp Sb2Te3 peaks are not observed.
This could indicate that the Sb2Te3 crystallites remain very small and/or that the crystallization
of Sb2Te3 is retarded by the adjacent (mostly amorphous GaSb). When annealing (1 hour) at 250
℃ clear GaSb peaks show up in Fig. 20. This is expected, because consistent with the
crystallization temperature of 200 ℃ for GaSb sandwiched between Sb2Te3 layers. When
annealing (1 hour) at 350℃ a new clear peak develops at 40° 2 value that cannot be explained
by either Sb2Te3 or GaSb. This peak is very likely associated with the intermixing and the
formation of a GaSbTe phase. Also the peak at about 27° 2 value develops strongly. This peak is
close to the most intense Sb2Te3 peak in a powder diffraction spectrum. However, when really
an Sb2Te3 peak it should already have been clearly present at 150 and 250 ℃. Since this is not
the case, its strong development at 350 ℃ must also be associated with the intermixing between
Sb2Te3 and GaSb. Unfortunately, there are no GaSbTe phases, like Ga4Sb6Te3 or Ga4Sb2Te7
(derived from the analysis around Fig. 19), in the powder diffraction database that allows a more
precise identification which GaSbTe phase(s) develop(s) at 350 ℃ based on the corresponding
XRD spectrum in Fig. 20. These XRD spectra were also recorded using a standard lab X-ray
source and probably more intense synchrotron source would be helpful to detect more precisely
also weaker peaks in the XRD spectrum. Still, irrespective of intensity, X-rays are not well suited
to detect small crystallites, since nanocrystalline materials with sizes below say 5 nm tend to
show up as ‘X-ray amorphous’.
The present section shows that Sb2Te3 and GaSb hardly intermix up to 250 ℃ and are strongly
intermixing at 350 ℃. Upon intermixing new GaSbTe ternary phases are formed and
interestingly a phase is formed that expels nearly pure antimony. This phase could be
Ga4Sb2Te7. Also in the preceding section 4 it was shown that a heterostructure based on
alternating layers of Sb2Te3 and Ge, with overall low Ge concentration, already intermix
completely during MBE growth at 210 ℃. In the next two sections we will focus on pure Sb. Such
a monatomic phase-change memory of course will not suffer from either phase separation or
intermixing. Interestingly, alternating layers of stoichiometric GaSb and Sb also do not show
either intermixing or phase separation, since they are the only two (meta)stable phases in this
system.
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6

Epitaxial Sb thin films

In deliverables D2.3 and D2.4 it has been shown that ultrathin Sb films are interesting for phasechange memory applications. In D2.3 it was shown that very smooth crystalline films can be
produced, even on amorphous (e.g. SiOx) substrates, based on the seed layer technique, where
initially a very thin amorphous layer is grown at room temperature, which is then heated to
elevated temperature like 210 °C. This very thin layer then crystallizes in a fashion with selfalignment of specific crystallographic planes parallel to the surface. An excellent example for this
is Sb2Te3. Typically first a 3 nm thick amorphous layer is grown that after heating crystallizes
with the c-axis out-of-plane, because the quintuple blocks with van-der-Waals (vdW) like
bonding between them align parallel to the surface. Then to have large grains (all with c-axis outof-plane, but random in-plane orientation), it can be useful to grow a somewhat thicker Sb2Te3
layer at this elevated temperature. This is the case in the example given in Figure 21 below
where pulsed laser deposition (PLD) was employed.
In the case of Fig. 21 an 11 nm thick Sb2Te3 layer is present, kind of perfectly textured, on which
crystalline Sb is grown. Interestingly, when the Sb film is grown at room temperature on an
amorphous substrate like SiOx, it is amorphous for films not thicker than 6 nm, but when it is
grown on the Sb2Te3 it is directly crystalline. In the example in Fig. 21 it is definitely crystalline,
because growth of Sb after the Sb2Te3 continued at 210 °C. The quintuples of Sb2Te3 and the
bilayers of Sb are readily visible. So, the separate layers of Sb2Te3 and Sb are readily visible.
However, the interface between Sb2Te3 and Sb is not clear. The last Sb2Te3 quintuple occurs at
the lower dashed green line in Fig. 21. The first clear Sb bilayer occurs at the upper dashed green
line in Fig. 21. In between these green lines there is vdW block of seven atomic layers which can
be typified as an Sb4Te3 layer. So, the actual position of the interface is indicated by the dashed
orange line. However, the interface is not formed by a similar width vdW-like bonding such as
between the Sb2Te3 quintuples or between the Sb bilayers, but by a shorter and thus stronger
(more covalent/metavalent) bond. These distances can be readily quantified based on direct
measurements in the linescan given on the right in Fig. 21. The vdW-like gaps in Sb2Te3 and Sb
are 2784 pm and 2444 pm, respectively. At the interface the gap is 2194 pm. So, this is 10%
smaller than the vdW-like gap between the bilayers in Sb. Therefore, it is fair to say that these
results show that a new phase, Sb4Te3, is formed at the interface with relatively strong coupling
between the last Sb2Te3 and the first Sb bilayer on top such that excellent epitaxy of Sb on
Sb2Te3 is achieved. Note that the slight (about 1% in-plane) mismatch between Sb2Te3 and Sb
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is not at all a problem for the epitaxy, because this mismatch can easily be accommodated
(gradually) at the vdW-like gaps in the Sb top layer similar to the strain relaxation behaviour we
observed between all pairwise combinations of Sb2Te3, BiTe3 and GeTe [Vermeulen2018,
Zhang2021].

Figure 21. HAADF-STEM image showing epitaxially grown Sb on (11 nm thick) highly textured Sb2Te3
film grown on native oxide covered Si wafer. Pulsed laser deposition was used for the growth. Sb2Te3
quintuples align parallel to the oxide surface and Sb bilayers attach epitaxially to the Sb2Te3. On the right
a intensity line profile is drawn for the indicated region across the interface allowing quantification of
interplanar distances and van-der-Waals like gaps.

Now the question is if for this epitaxial growth of Sb a seed layer like Sb2Te3 is required or that
Sb itself can be used as seed layer. After optimization of the PLD conditions, indeed, it turns out
possible to also grow crystalline Sb films completely covering the substrate, in which all domains
have their c-axis out-of-plane, i.e. with the Sb bilayers parallel to the SiOx surface. This is
demonstrated well in Figure 22, showing a crystalline Sb film with a final thickness of about 20
nm. Note that in this figure the SiOx substrate is on the left and the Sb growth direction is from
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left to right. These Sb films exhibit very low surface roughness as can also be understood when
looking at Fig. 22a. Still, using Sb itself as seed layer generates domains with a lateral size of only
15-20 nm, whereas the Sb2Te3 seed layer generates about 100 nm wide domains.

Figure 22. Sb thin films were grown using PLD and a thin seed layer technique was used such that the Sb
bilayers are everywhere parallel to the SiOx substrate surface. In all figures the substrate is on the left
and growth was thus from left to right. (a) Overview HAADF-STEM image showing the entire thickness of
about 20 nm of the Sb film. (b) Magnified part of area indicated by the red box in (a). (c) HAADF-STEM
image taken in another domain with the region indicated by the ‘green box with arrow’ used for taking
the line scan. The simulated structure with green Sb atoms agree well with the experimentally observed
structure.
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7

Large scale simulation of the crystallization of Sb in confined
geometry

Partner UMB performed large scale simulations of the crystallization of Sb ultrathin films studied
experimentally by partner UGRO, where a summary of these experimental results have been
presented in deliverable D2.4. This system is particularly attractive for applications in phase
change memories because the compositional simplification prevents reliability problems due to
demixing of the alloy during memory operation. Although amorphous Sb crystallizes very
rapidly at normal conditions in the bulk, crystallization is hindered in ultrathin films 10–3 nm
thick encapsulated by capping layers [Salinga2018].
The experimental data reported in deliverable D2.4 shows a strong raise of Tx by decreasing the
film thickness reaching 260 oC for a film of 3 nm. The origin of this effect is, however, unclear.
Aiming at uncovering the mechanism of stabilization of amorphous Sb in ultrathin films, we
developed an interatomic potential for large scale simulations by fitting a huge DFT database
with a machine learning technique based on neural network methods. The same scheme was
applied to the phase change compound GeTe in our previous work [Sosso2012]. The interatomic
potential was validated by reproducing the structural and dynamical properties of Sb in the
crystalline, amorphous and liquid phase as reported in Ref. [dragoni2021].
We considered a thin film of 3 nm encapsulated by a layer 2 nm thick, containing about 5000
frozen Sb atoms whose configuration is extracted from a NVT run at 1500 K at a density 15 %
higher than the equilibrium density at Tm to mimic the higher atomic density of amorphous silica
used experimentally in Ref. [Salinga2018] as capping layers. The active region, 3 nm thick,
contains 7066 atoms free to move at the experimental density of the liquid at the melting point
(see Figure 23). Constant temperature simulations were then performed to compute the crystal
growth velocity as a function of temperature from the evolution of the crystal-amorphous
interface. The results (red dots) are collected and compared in Figure 24 with the
corresponding data for the bulk.
The data have been fitted with the Wilson-Frenkel formula for the crystal growth velocity u
𝑢=6

𝐷(𝑇)
𝜆

(1 − exp (−

Δ𝜇
𝑘𝑏 𝑇

)) (2)

where D(T) is the diffusion coefficient, Δ𝜇 is the difference in the chemical potential between the
crystalline and the supercooled liquid phases, 𝜆 is a fitting parameter corresponding to a typical
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jump length in the diffusion process. The diffusion coefficient in turn was written in an
Arrhenius form with an activation energy extracted from simulations at high temperature (700900 K). The value of Δ𝜇 as a function of temperature was also extracted from the simulations,
including the interfacial contribution for the embedded films as described in Ref. [dragoni2021].
The large difference in the temperature at which the crystal growth velocity vanishes in the film
with respect to the bulk is just due to the interfacial contribution to the free energy. As opposed
to the bulk, it turns out that the crystal growth velocity for the thin film at low temperatures is
much lower than the prediction of the Wilson–Frenkel formula with the diffusion coefficient
D(T) extracted from the Arrhenius behavior at high temperature (red line in Figure 24)
[dragoni2021]. That amounts to say that the β relaxation, that should control the crystallization
at low temperatures is strongly suppressed in the thin film. Crystallization at low temperatures
is typically controlled by atomic motion on a shorter length and time scales typical of the β
relaxation dynamics as opposed to the longer length and time scales of the α relaxation
responsible for the self-diffusion coefficient. It is this β relaxation dynamics which seems to be
strongly affected by the confinement of amorphous Sb in 3 nm thin films. As a matter of fact, we
found a dramatic reduction in the crystal growth velocity in the film with respect to the bulk at
temperatures equal and lower than 300 K, despite the diffusion coefficient in the film and in the
bulk are essentially the same at high and low temperatures.

We therefore ascribed the

stabilization of the amorphous phase towards crystallization in ultrathin antimony film to a
reduction of the β relaxation due to confinement effects which is supposed to appear once the
size of the cooperative rearranging regions involved in the β process approaches the thickness of
the film [Dragoni2021].
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Figure 23. Snapshots of the model of the thin film, 3 nm thick, during crystallization at 300 K. The film is
confined on both sides by a region of Sb atoms (gray area) generated from the liquid at a higher density,
approximately +15% of the density of the liquid at melting, to mimic a capping layer at high density. The
atoms of the capping layers are frozen in a configuration extracted from the MD run at 1500 K. The color
map reflects the value taken by an order parameter for crystallinity (yellow for the crystal, brown for the
morphous). The figure is taken from Ref. [dragoni2021].

Figure 24. Crystal growth velocities from MD simulations in the bulk (blue squares) and in the 3 nm film
of Sb (red dots). The continuous lines are the fitting with the Wilson-Frenkel formula using the
Arrhenius-like diffusion coefficient extracted from simulations at high temperature. Figure taken from
Ref. [Dragoni2021].
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