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1. Introduction
Within the framework of the BeforeHand consortium focus is set on the development of phase change
materials (PCMs) designed to fulfill applications as non-volatile memory devices in the automotive sector.
PCMs based on GeTe-Sb2Te3 (GST) alloys are of great technological relevance for optical and electrical storage.
The applications of GST alloys as memory devices rely on their fast and reversible transition upon heating
between the amorphous (RESET) and the crystalline (SET) phases characterized by pronounced differences
in both optical and electrical properties.
Experimental investigations on the electronic structures as well as on the chemical states and environment
of GST alloys is mandatory for technological advances as well as for a deep and fundamental understanding
of the main functional properties of these materials. For this purpose, X-ray and Ultraviolet Photoemission
Spectroscopies (XPS and UPS) are known to be powerful and versatile tools allowing for the determination
of the electronic structures of molecules, solids, and surfaces [1].
In a typical photoemission experiment, photons from a light source are directed onto the sample surface and
the emitted photoelectrons are analyzed as a function of the kinetic energy by an electrostatic analyzer,
usually using an additional retarding potential. A photoemission spectrum is therefore an energy distribution
curve of photoelectrons as a function of their binding energy (BE) referred to the Fermi level of the sample.
The electron BE can be easily calculated by the energy conservation as 𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − Φ, where ℎ𝜈 is the
energy of the excitation source, 𝐾𝐸 is the measured kinetic energy and Φ is the spectrometer work function.
Depending on the type of the excitation source, it is possible to distinguish between UPS, mainly for the
investigation of valence band states, and XPS, providing information on the core-level states found at higher
BE. For UPS measurements discharge lamps with rare gases like helium are typically used as sources with
energies ranging between 10 and 50 eV (e. g. He I: 21.218 eV and He II: 40.82 eV) while in the case of XPS the
characteristic lines emitted from X-ray tubes are exploited for the excitation, for which the most used anode
materials are aluminum and magnesium (Al Kα and Mg Kα). Photoemission is a surface sensitive technique,
the information that can be acquired depends on the escape depth of the photoelectrons, which is
approximately in the range of 1-2 nm for UPS, carried out with He I, and 1-3 nm for XPS.
The basic processes contributing to an XPS spectrum include: direct optical excitation of core or valence
electrons, hole de-excitation via the Auger process and inelastic losses giving rise to secondary electrons and
plasmon satellites. An important advantage of XPS is the ability to determine the chemical environment of
the atoms present in a sample. This chemical environment, including factors like nearest neighbors,
electronegativity and the oxidation state of the element, affects the binding energy of the photoelectron
peaks. Charge transfer between the absorbing atom and its environment changes the electron screening of
core electrons affecting their BEs. The measured BE involves transfer of an electron from an atom in an initial
state leaving the atom in an excited final state. Although there is only one initial state, there may be many
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accessible final states, which can influence peak shape and measured energies. When there is only one final
state, the initial state determines the measured binding energy, and a single particle approach to spectra
interpretation can apply. When multiple final state effects are possible, they can affect the resulting spectra,
changing the BEs of the peaks, causing multiplet splitting, and changes in the lineshape of the peaks. In this
case a many-body approach is necessary for a correct interpretation of the spectra. A quantitative analysis
of the spectra is also possible because the relative area under each XPS peak is representative of the atomic
percentage of atoms present in the sample.
Photoemission spectroscopy therefore can be used for the identification of elements near the surface and
can give information on their local chemical environments, on the oxidation states of atoms, on the valence
band electronic structure as well as on many body effects. Stoichiometry and concentration of elements can
also be obtained by a quantitative analysis of data. This spectroscopy represents a valuable tool for the
Beforehand project, particularly when used in-situ during film growth it can give useful insights about
composition and chemical bonding of the grown samples, providing information on phase separation,
intermixing and segregation phenomena possibly occurring within a material and at the interface between
different materials in the heterostructures. Such “real time” information also allows for an in-situ fine-tuning
of the growth parameters. Intermixing at the interface in heterostructures can affect their performances as
active materials in devices and such information from XPS contributes to the choice of the best material
combination in multilayers. Within the BeforeHand consortium, the partner at URTOV performed the
photoemission experiments and their analysis, while the group at UMB provided accompanying theoretical
modeling by density functional theory (DFT) calculations.
The experimental setup used at URTOV for photoemission measurements consists of a UHV chamber which
is connected to the physical vapor deposition (PVD) chamber allowing for in-situ investigation of the samples.
XPS was performed using an Omicron DAR 400 Al/Mg Kα non-monochromatized light source, while for UPS
excitation a VG helium discharge source set to excite the He I photon line was used. The photoelectrons
emitted from the sample were collected and analyzed by a 100 mm hemispherical VG-CLAM2. For XPS
experiments the pass energy was set to Epass = 20 eV corresponding to an instrumental resolution ΔE = 0.4 eV
to be convoluted with the intrinsic linewidth of the sources: ΔEAl = 0.84 eV and ΔEMg = 0.68 eV. For UPS
measurements the analyzer pass energy was set to Epass = 1 eV, which means an instrumental resolution of
ΔE = 0.02 eV to be convoluted with the natural width of the source ΔEHeI = 0.003 eV.
XPS and UPS measurements were performed in-situ on the films and heterostructures grown at URTOV by
PVD and ex-situ on epitaxial samples grown at PDI by Molecular Beam Epitaxy (MBE). Below a complete list
of the investigated samples is reported. It includes GST at the prototype composition 225, Ge-rich GST, InSb-Te (IST) and In-Ge-Te (IGT) alloys.
-

Epitaxial GST225 (nominal composition) grown by MBE at PDI

-

Epitaxial Ge-rich GST grown by MBE at PDI
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-

GST225 (nominal composition) grown by PVD at URTOV

-

GST523 (nominal composition) grown by PVD at URTOV

-

IST312 (nominal composition) grown by PVD at URTOV

-

IGT112 (nominal composition) grown by PVD at URTOV

-

Sb2Te3/GST523 heterostructure grown by PVD at URTOV

-

GST225/GST523 heterostructure grown by PVD at URTOV

-

IST312/IGT112 heterostructure grown by PVD at URTOV

In Sections 2.1-2.2 and 3 we discuss the measured electronic DOS of these samples and compare them with
DFT results from UMB. In the experimental samples analyzed here, Ge-rich GST alloys are in the amorphous
phase. The electronic DOS computed at UMB of possible decomposition products of GST523 during
crystallization are also discussed in Section 2.3. Moreover, we report on additional calculations of the
reaction free energy for the decomposition of GST523 showing that GST243 and GST213 alloys are likely to
form. These alloys have been indeed seen experimentally as crystallization products of GST523 by UGRO as
reported in deliverable D4.1. In section 2.4 we report on a theoretical analysis of the Ge-rich GST alloys on
the GeTe-Sb2Te3 tie-line whose structural and vibrational properties have been discussed in deliverables D4.1
and D4.2. Finally, in Section 4 we report on DFT analysis of the electronic properties of liquid GST225 that
allowed us to identify the temperature of the semiconductor-metal transition and to evaluate the Seebeck
coefficient of interest for the electrothermal modeling of the memory devices.
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2. Electronic characterization of GST thin films and heterostructures
We present here the electronic characterization of PCM thin films and heterostructures by XPS and UPS. The
samples were grown at URTOV by PVD and at PDI by MBE (a detailed description of the growth systems and
procedures was given in deliverable D2.1). Starting from the characterization of the prototypical GST225 and
Ge-rich GST samples, the measurements carried out on combinations of different PCM in multilayered
heterostructures are presented. After discussing the results of XPS experiments, the valence bands measured
by UPS are compared to the electronic density of state (DOS) obtained by DFT calculations.
For all the XPS experiments different core levels were considered: Te 3d, Sb 3d, Te 4d, Sb 4d and Ge 3d
acquired with the Mg Kα line, and Ge 2p3/2 with the Al Kα line. The analysis of the Te 4d, Sb 4d and Ge 3d
core levels is particularly important allowing for the determination, in-situ, of the composition of the film
grown. These levels fall in a narrow BE interval between 25 and 50 eV, which means that the intensity analysis
does not need a correction for the electron escape depth since the kinetic energies of the photoelectrons of
the individual elements are almost the same. Furthermore, the kinetic energies are rather high (about 1.2
KeV), and the escape depth of the electrons is of the order of 2-3 nm meaning that the determined
composition is well representative of the bulk. The sample composition can be evaluated from the Te 4d, Sb
4d and Ge 3d core levels by using the following relation:

𝑥! =

𝐼! /𝑆!
∑! /𝐼!0𝑆 1
!

where xi is the fraction of the element i, Ii the area under the core level peak, as determined by a fit of the
deconvoluted experimental spectra, and Si is the sensitivity factor for the element i,. Empirical atomic
sensitivity factors were taken from Ref. [2]. Spectra are fitted in KolXPD software (http://kolxpd.com) using
Voigt peaks on a Shirley background.

2.1 Epitaxial samples
2.1.1 Epitaxial GST225 and Ge-rich GST
Epitaxial GST225 and GST 8 2 11 (nominal compositions) were grown at PDI by MBE on an Sb passivated
Si(111)√3 × √3 R30° surface and capped with a 20 nm thick layer of amorphous Te to protect the film surface
during the transfer in atmosphere. XPS spectra were acquired ex-situ before and after removing the Te cap,
by heating the sample in UHV at about 260 °C for 20 min. In Figure 1 (a) the spectrum of the Te 3d capping
layer is shown for GST225, with the two spin-orbit components clearly distinguishable as separated by about
10.4 eV. In the overall spectrum, two different Te contributions can be discriminated at 583.5 and 586.7 eV
(Te 3d3/2) originating from metallic tellurium and tellurium oxide, respectively. Other contributions were
considered to obtain the best fit, which include Kα3 and Kα4 replicas (X-ray source is not monochromatized)
6

and plasmon losses. Bulk plasmons in the energy loss range 15-17 eV are expected for Te, Sb and Ge [3-7]
and at about 6 and 16 eV for Sb2Te3 [8]. Bulk plasmons and Kα replicas can be detected for all samples and
must be always considered in the fitting of the experimental data. For clarity of representation, they will be
explicitly shown only for the GST225 epitaxial film.

Te 3d, Mg Kα
(a)
Te cap

(b)

Sb 3d, Mg Kα (c)
GST225

(d)

Te 3d, Mg Kα
GST225

Ge 2p3/2,
Al Kα
GST225

Figure 1: XPS spectra of (a) Te 3d capping layer and (b) Te 3d (c) Sb 3d (d) Ge 2p3/2 core levels after capping removal of
epitaxial GST225 sample.

The analysis of the spectra of the Te and Sb 3d, and Ge 2p3/2 core levels of the GST225 sample after capping
removal, as depicted in Figure 1 (b), (c) and (d) respectively, shows a shift of Sb core levels toward higher BEs
with respect to the metallic state, while the Te moves to lower BE, in good agreement with the literature
[9,10]. The main peaks of both spectra can be fitted with one Voigt doublet from GST and small contributions
from oxide compounds, as confirmed by the presence of the O 1s core level in Sb 3d spectrum (Figure 1 (c)).
This means that a small contamination of the surface from the oxides present in the cap layer cannot be
avoided during the annealing process. For the Te 3d there is also a residual contribution of metallic tellurium
from the cap that was not completely removed by the annealing of the GST225 sample. However, the Te cap
removal procedure can be considered practically complete, as witnessed by the quality of the Low Energy
Electron Diffraction patterns reported in Figures 2 (b) and (d), where a hexagonal symmetry is clearly visible,
for both the samples, as expected for epitaxial ordered cubic (c-) or trigonal (t-) GST on the (111) surface.
The XPS spectra of the Te 4d, Sb 4d, Ge 3d core levels reported in Figure 2 for GST225 and GST 8 2 11 samples
revealed the presence of at least two different doublets for Te 4d, Sb 4d and Ge 3d, identified as the
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contributions from the GST alloy (Te GST, Sb GST, Ge GST) and the contribution from oxide compounds (TeOx,
SbOx, GeOx). In the case of the GST225 sample the Te 4d levels also show an additional doublet contribution
associated to residual metallic Te from the capping, which was not detectable for the GST 8 2 11 sample,
probably as a result of the slightly higher annealing temperature used for the de-capping procedure (about
280 °C).

(a)

Te 4d, Sb 4d, Ge 3d
Mg Kα
GST225

(b)

(c)

Te 4d, Sb 4d, Ge 3d
Mg Kα
GST523

(d)

Figure 2: XPS spectra of the Te 4d, Sb 4d, Ge 3d core levels and LEED pattern (Ep=58 eV) measured on (a, b) GST225 (c,

VL

GST(222)

d) Ge-rich GST epitaxial films.

Figure 3: XRD scans of the GST epitaxial samples before and after XPS experiments. The sharp peaks at 2, 4, 6 Å-1
correspond to the (111), (222), (333) reflections of the Si substrate.

Quantitative analysis of the XPS spectra in Figure 2 allows us to determine the stoichiometries for GST225
and Ge-rich samples, which are 1.9 2 4.3 and 7.2 2 11, respectively. This result is in very good agreement with
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the compositions obtained from X-ray diffraction (XRD) measurements reported in Figure 3 for the two
samples before and after the XPS experiments. GST compositions were estimated from the size of the GST
blocks evaluated by measuring the Qz spacing between the GST and the vacancy layer (VL) peaks (Figure 3).
The annealing procedures performed to remove the Te cap determined a rearrangement of the crystal
structure with the compositions changing from GST225 and GST 8 2 11 to a mixed GST124/225 and GST 7 2
10, as we found by XPS. These results, validate our procedure for the in-situ determination of the alloys
composition grown by PVD.

2.2 PVD samples
2.2.1 GST 225 and Ge- rich GST grown by PVD
Amorphous GST225 (a-GST225) films were grown at room temperature at URTOV by PVD on Si(111)/SiO2
substrates and characterized in-situ by XPS and UPS. In Figure 4 we report the spectra for the Te 4d, Sb 4d
and Ge 3d core levels for both as-grown and annealed PVD GST225 samples, where no oxide compounds
were detectable. The annealed sample shows a chemical shift of the main contributions toward lower BE
with respect to the as-grown (amorphous) sample, and at the same BE as for the epitaxial GST225.

(a)

(b)

Te 4d, Sb 4d, Ge 3d
Mg Kα,
GST225
after annealing

Te 4d, Sb 4d, Ge 3d
Mg Kα,
as-grown GST225

Figure 4: XPS spectra of the Te 4d, Sb 4d, Ge 3d levels measured on (a) annealed (b) as-grown GST225 PVD sample.

The core levels in Figure 4 were fitted with two contributions for each element: one coming from the a-GST
and another one identified as crystalline GST (x-GST). The components at higher binding energies (light green,
light orange and cyan for Te, Sb and Ge, respectively) are dominant for the as-grown sample while the
components at lower binding energy, are largely dominant for the annealed sample (dark green, dark orange
and blue for Te, Sb and Ge, respectively). This means that even if the samples are grown nominally
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amorphous at room temperature a tiny fraction is crystallized, probably due to an unwanted heating of the
sample due to the Ge source, which is operating at high temperature. After the annealing, the sample is
almost completely crystallized. The compositions evaluated by quantitative analysis of the spectra in Figure
4 gives (1.9 2 6.6) for the as-grown sample, very close to the target composition, and (1.5 2 4.6) for the
crystallized film, which is compatible with a mixed 124/225 composition, reasonable after an annealing,
where the 124 composition is the most stable one among the alloys along the pseudobinary line.

(a) Te 4d, Sb 4d, Ge 3d

Mg Kα,
GST523 after annealing

(b) Te 4d, Sb 4d, Ge 3d
Mg Kα,
as-grown GST523

Figure 5: XPS spectra of the Te 4d, Sb 4d, Ge 3d levels measured on (a) annealed (b) as-grown GST523 PVD sample.

Ge-rich GST samples were grown amorphous at the nominal composition 523 by PVD using 5:2:3 flux ratios
and annealed at 330 °C for 20 min. In Figure 5 we report the XPS spectra of Te 4d, Sb 4d and Te 3d core levels.
Unlike the PVD GST225 sample, neither evidence of chemical shifts nor changes in composition were
observed after annealing. The composition determined by analyzing the spectra was 3.9 2 4.2 and 4 2 4.2
before and after annealing, respectively. Therefore, no crystallization occurred by annealing in UHV for
temperatures as high as 330 °C. Crystallization of Ge-rich alloys is actually not possible in UHV because further
annealing at higher temperatures gives rise to desorption of the film.

2.2.2 Double layer heterostructures based on GST
The heterostructures schematized in Figure 6 were grown by PVD at URTOV using stoichiometric flux ratios.
After deposition of the first layers (Sb2Te3 or GST225) the Ge-rich top layer was grown by successive
depositions of the material up to a final thickness of 24 nm. Photoemission experiments performed after
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each deposition step allowed us to study the formation of the interface between the two layers, focusing in
particular on intermixing and composition of the alloy across the heterostructures.

Figure 6: schematic drawings of the investigated heterostructures.

Sb2Te3/GST523 heterostructure
Photoemission measurements were performed on the Sb2Te3 layer (grown at 200 °C) and after each
deposition (at room temperature) of the Ge-rich GST523 layers (1, 2, 4, 8, 16, 24 nm) on top of the Sb2Te3
layer. A stack of Te 4d, Sb 4d and Ge 3d XPS core levels as a function of the thickness of the deposited GST523
layer is reported in Figure 7, where clear chemical shifts toward higher BEs for Te 4d and Ge 3d are evidenced,
while an opposite trend was observed for Sb 4d.
Te 4d, Sb 4d, Ge 3d
Mg Kα

Te 4d Ka4
replica

Figure 7: Schematic drawing of the deposition steps of the GST523 overlayer (left); evolution of the Te 4d, Sb 4d, Ge 3d
XPS spectra as a function of the thickness of the deposited Ge-rich GST layer (right).

A chemical shift of Te 4d core level towards higher BE is expected from Sb2Te3 to GeTe and towards lower BE
for the Sb 4d from Sb2Te3 to GST [10]. The observation of a progressive shift suggests, therefore, a possible
intermixing during the evolution of the heterostructure. We have to consider that the escape depth of the
electrons at these energies is about 2-3 nm, which means that even after the deposition of 4-8 nm of the
second layer we can detect photoelectrons from the Sb2Te3 of the first layer. Therefore, for the best fit
deconvolution of the spectra, we model the system by means of two components for both Sb and Te, one
representing the contribution of the first layer (Sb2Te3) and the second one representing the second layer as
an average of the intermixed interface and the top layers. In such a way, in the case of a perfect sharp
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interface the second components (plus Ge 3d) would result at their final BEs already after the first partial
deposition (1 nm).

(a)

(b)

Te 4d, Sb 4d, Ge 3d, Mg Kα
Sb2Te3 33 nm

Te 4d, Sb 4d, Ge 3d, Mg Kα
Ge-rich 2 nm

(c)

(d)
Te 4d, Sb 4d, Ge 3d, Mg Kα
Ge-rich 24 nm

Te 4d, Sb 4d, Ge 3d, Mg Kα
Ge-rich 4 nm

Figure 8: XPS spectra of the Te 4d, Sb 4d, Ge 3d levels measured on (a) Sb2Te3 layer and after (b) 2nm (c) 4nm (d) 24
nm of Ge-rich GST deposition for Sb2Te3/GST523 heterostructure.

The best fits were then obtained considering a vanishing contribution from the Sb2Te3 layer with fixed BEs,
Lorentzian and Gaussian widths, spin-orbit splits and branching ratios of the Voigt doublets (dark orange for
Sb 4d and light green for Te 4d in Figure 8 (a)). The second contribution was considered coming from Te 4d,
Sb 4d and Ge 3d (dark green, light orange and dark blue respectively in Figure 8 b, c, d) of the Ge-rich GST
uppermost layer. In summary, the main contributions considered for the fitting of the experimental data
were Te 4d-Sb2Te3, Sb 4d- Sb2Te3, Te 4d-Ge-rich GST, Sb 4d-Ge-rich GST, and Ge 3d-Ge-rich GST. In addition,
several other peaks were considered that were not explicitly plotted in Figure 8, which include bulk plasmons
and Kα3 and Kα4 replicas, as described above.
In Figure 8 we report the obtained results for selected representative thicknesses (0, 2, 4 and 24 nm) of the
Ge-rich GST layer. The evolution of the stoichiometry across the heterostructures is reported in Table 1.
The plot in Figure 9 of the estimated atomic percentage of the alloy of the second layer as a function of the
thickness, points to intermixing occurring below 8 nm of GST523. For layer thicknesses higher than 4 nm, the
contribution of the Sb2Te3 layer was not anymore detectable, we can set an upper limit for the intermixed
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region between 4 and 8 nm. Starting from the Sb2Te3 layer (estimated composition: 2.0 2.6), the Ge-rich GST
layer continuously increases the Ge and Te content, from approximately 2.2 2 3.0 up to its final composition
4.5 2 4.1, different from the target composition 5 2 3. Annealing of the heterostructure were performed in
UHV but the crystallization was not observed up to 330°C. Higher annealing temperatures triggered a
desorption of the film.
Table 1: Average compositions at the interface for the Sb2Te3/GST523 heterostructure as determined from the best fits
of XPS spectra.

Nominal
Deposition
composition
I
II
III
IV
V
VI
VII

Sb2Te3
GST 523
GST 523
GST 523
GST 523
GST 523
GST 523

Nominal
thickness

Phase

33nm
1 nm
2 nm
4 nm
8 nm
16 nm
24 nm

x
a
a
a
a
a
a

Average composition
(GST + Sb2Te3)
Ge
Sb
Te
0
2.0
2.6
0.8
2.0
2.8
1.5
2.0
3.0
2.6
2.0
3.3
3.6
2.0
3.5
4.5
2.0
4.0
4.5
2.0
4.1

Ge-rich GST layer
average composition
Ge
Sb
Te
0
2.0
2.6
2.2
2.0
3.0
3.4
2.0
3.6
3.7
2.0
3.6
3.6
2.0
3.5
4.5
2.0
4.0
4.5
2.0
4.1

Figure 9: estimated composition (atomic percentage) of the Ge-rich GST overlayer of Sb2Te3/GST523 heterostructure.

GST225/GST523 heterostructure
XPS spectra were collected on the as grown GST225 layer and after annealing in UHV at 300 °C for 20 min.
Then, as for the previous heterostructure, XPS measurements were carried out after each deposition step (at
room temperature) of the amorphous Ge-rich GST layers (1, 2, 4, 8, 16, 24 nm, target composition 523) grown
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on top of the crystallized GST225 layer. Below, the spectra of the Te 4d, Sb 4d and Ge 3d core levels are
reported as a function of the thickness of the deposited Ge-rich GST film.

Te 4d, Sb 4d, Ge 3d
Mg Kα

Figure 10: Schematic drawing of the deposition steps of the Ge-rich GST overlayer (left); evolution of the Te 4d, Sb 4d,
Ge 3d XPS spectra as a function of the thickness of the deposited Ge-rich GST layer (right).

The spectra reported in Figure 10 clearly show the amorphous to crystalline transition of the GST 225 (red
curves) after annealing in UHV, with all the core levels exhibiting a chemical shift toward lower BEs.
After deposition of the Ge-rich GST (with flux ratios 5:2:3) layers at increasing thicknesses, Te 4d and Ge 3d
peaks showed a chemical shift toward higher binding energies with respect to the crystalline GST225 layer,
while Sb 4d moved to lower binding energy, as expected for a more GeTe rich alloy [10].
The fit deconvolution of the core levels was carried out following the same procedure described for the
Sb2Te3/GST523 heterostructure. Starting from the very first depositions of Ge-rich GST the Te 4d, Sb 4d, Ge
3d core levels were fitted with two components: one for the x-GST225 of the annealed first layer (dark green,
dark orange and blue curves in Figure 11 for Te, Sb and Ge respectively), with all the fitting parameters fixed
but the intensity, and the second one for the Ge-rich growing layer (light green, light orange, and dark blue
curves in Figure 11 for Te, Sb and Ge respectively).
From the fitting of the core levels the stoichiometry across the heterostructure was determined. As it is
shown in Table 2 and Figure 12, the GST225 is Te-rich (1.9 2 6.6) in the amorphous phase and becomes a
crystalline mixed 124/225 (1.5 2 4.6) after the annealing. It is noteworthy that the amorphous sample was
grown with Te-rich flux ratios (Ge:Sb:Te=2:2:6) to compensate for possible Te desorption. The estimated
composition rules out this occurrence at room temperature and further validate the evaluation of
stoichiometry by XPS. Figures 11 and 12 and the data in Table 2 clearly show that the intermixing is reduced
with respect to the Sb2Te3/GST523 heterostructure and we can set an upper limit at only 1-2 nm of GST523.
From 4 nm upwards, the Ge-rich GST composition remained stable at its final average value is close to 4 2 4.
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It is important to note that in all the cases studied, by using flux ratios for a target composition 523 we obtain
a final composition close to 424.

(b)

(a)

Te 4d, Sb 4d, Ge 3d, Mg Kα
Ge-rich 2 nm

Te 4d, Sb 4d, Ge 3d, Mg Kα
x-GST225

(c)

(d)

Te 4d, Sb 4d, Ge 3d, Mg Kα
Ge-rich 4 nm

Te 4d, Sb 4d, Ge 3d, Mg Kα
Ge-rich 24 nm

Figure 11: XPS spectra of the Te 4d, Sb 4d, Ge 3d levels measured on (a) crystallized GST225 layer and after deposition
of (b) 2nm (c) 4nm (d) 24 nm of Ge-rich GST for the GST225/GST523 heterostructure.

Table 2: Average compositions at the interface for the GST225/GST523 heterostructure as determined from the best
fits of XPS spectra.

Nominal
Deposition
composition
I
Annealing
II
III
IV
V
VI
VII

GST 225
GST 225
GST 523
GST 523
GST 523
GST 523
GST 523
GST 523

Nominal
thickness

Phase

24 nm
24 nm
1 nm
2 nm
4 nm
8 nm
16 nm
24 nm

a
x
a
a
a
a
a
a

Average composition
(GST 225 + Ge-rich GST)
Ge
Sb
Te
1.9
2.0
6.6
1.5
2.0
4.6
2.2
2.0
4.6
2.7
2.0
4.2
3.3
2.0
4.4
3.7
2.0
4.5
3.8
2.0
4.5
3.7
2.0
4.3
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Ge-rich GST layer
average composition
Ge
Sb
Te
1.9
2.0
6.6
1.5
2.0
4.6
2.9
2.0
4.5
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Figure 12: estimated composition (atomic percentage) of the Ge-rich GST layer of GST225/GST523 heterostructure.

2.2.3 Valence band analysis of GST alloys and heterostructures
In this section we present the valence bands (VB) measurements carried out by UPS on PVD samples for both
single layers and heterostructures. Figure 13 (b) shows the UPS spectra of the GST225 sample before and
after annealing (orange and pink curves, respectively) with the shallow core level Te 5s at about 11.5 eV
(superimposed to the secondary electrons background) and the Sb 5s and Ge 4s between 11 and 6 eV. The
VB in the region between 6 and 0 eV has a mixed Te 5p, Sb 5p and Ge 4p character. The VB spectrum of aGST225 shows three main features at 2.0, 3.5, and 5 eV. Upon annealing of the sample, the energy of the
valence band maximum (VBM) shifts toward the Fermi level (FL, indicated by the green line in Figure 13 (a)),
such shift can be ascribed to an increased hole concentration due to the formation of vacancies in the Ge/Sb
sublattice [11-13]. Furthermore, annealed GST225 shows a change in the VB line shape with the formation
of clear peaks at about 0.7, 1.8 and 3.0 eV of BE. Figure 13 also shows a comparison with the DOS calculated
at UMB unit by DFT calculations for the trigonal phase of GST225 (Figure 13(b)). The experimental spectrum
for annealed GST and the calculated DOS for t-GST have a very close correspondence, in agreement with
previous calculations published by UMB unit for an ordered t-GST structure [14]. These observations,
together with the results of XPS measurements reported in the previous section (where we found a mixed
124/225 composition), suggest that annealing in UHV at 300°C is effective to trigger the transition of aGST225 to the trigonal phase. Similar results are found by Klein et al. [12] for cubic GST124 and by Akola and
Jones [15] for cubic Ge rich-GST 8 2 11.
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(a)

(b)

Figure 13: (a) DFT calculation of the DOS for a trigonal GST225 (b) UPS spectra of the as-grown (orange curve) a-GST and
annealed (pink curve) GST225 grown by PVD.

UPS spectra were also collected for the as-grown and annealed Ge-rich GST PVD samples indicated by orange
and pink curves in Figure 14 (b), respectively. The as-grown Ge-rich GST shows the same features as the
amorphous GST225 at 2, 3.5, and 5 eV but, unlike the GST225 sample, no significant changes in the VB line
shape were observed after annealing at 330 °C for 2 h, if we exclude a moderate blurring of the features, and
a slight shift of the VBM towards higher BE (about 0.1 eV). Actually, composition estimated by XPS goes from
3.9 2 4.2 to 4 2 4.2 upon annealing. Further annealing at higher temperatures resulted in a desorption of the
film.
Based on the results obtained by XPS on the composition of the Ge-rich GST, UMB unit calculated the DOS
for the Ge-rich GST212 reported in Figure 14 (a). A partial correspondence is found between the UPS spectra
in Figure 14 (b) and the simulated spectra of a-GST212 (we have to take into account the well-known
underestimation of bandgap by DFT). Interestingly, the experimental VB of a-Ge-rich GST exhibits similar
features as the spectrum of amorphous GST225 (see Fig. 13(b)). All these results suggest that UHV annealing
procedures were not sufficient to crystallize Ge-rich GST which remains amorphous.
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(a)

(b)

Ge-rich GST PVD

Figure 14: DOS calculated by DFT for amorphous (a) GST212 (orange curve) (b) UPS spectra of the as-grown (orange
curve) and annealed (dark orange) GST523 grown by PVD.

As for the XPS experiments, UPS spectra of the heterostructures (Sb2Te3/GST523 and GST225/GST523) were
collected during the formation of the interface after each deposition step of the Ge-rich GST layer. The
results are summarized in Figure 15. For both the heterostructures a visible change of the UPS spectra
lineshape occurs already after the deposition of 1 nm of Ge-rich GST, with the VBM progressively shifting
towards higher binding energies at increasing thicknesses (and increasing Ge content) of the GST overlayer
from 1 nm to 24 nm.
(a)

(b)

Figure 15: evolution of the UPS spectra with the thickness of the Ge-rich GST layer measured for (a) Sb2Te3/GST523 (b)
GST225/GST523 heterostructures grown by PVD.
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After the deposition of 2 nm of Ge-rich GST the VB has the typical lineshape of the amorphous GST, which
evolves at increasing thicknesses and, after 24 nm, is comparable with that reported in Figure 14 (b) for the
as-grown Ge-rich GST single layer, showing a prominent peak at about 1.8 – 2.0 eV and a broad double feature
between 3 and 5 eV.

2.3 Theoretical analysis of the electronic properties of possible decomposition products of GST523
GST523 is present only in the amorphous form in the experimental samples discussed so far. In deliverable
D4.1 we reported on possible decomposition pathways of GST523 upon crystallization from DFT calculations
(at UMB) and from experiments (at UGRO). We also discussed the structural properties of the eventual
products of the decomposition reactions both in the crystalline and amorphous phase. In deliverable D4.2
we have shown instead that vibrational spectroscopy is a suitable tool to identify the different possible
compositions of the crystallization process. Here, we discuss the electronic properties of some of the GeSbTe
alloys analyzed in deliverables D4.1-D4.2.
First, we must mention that the decomposition products studied theoretically in deliverable D4.1 did not
include those seen experimentally at UGRO more or less at the same time.
A close comparison between theory and experiments allowed us to find out an inaccuracy in the calculated
reaction energies reported in deliverable D4.1 that arose because of the restriction to the Γ point only in the
integration of the Brillouin zone, despite the use of rather large 216-atom supercells.
We therefore repeated the DFT calculations with a 3x3x3 k-point mesh for several reactions summarized in
Figure 16 on the ternary phase diagram and listed below.
GST523 −→ 3/4 GST124 (trig.) + 17/4 Ge + 1/2 Sb

(1)

GST523−→ 3/5 GST225 (trig.) + 19/5 Ge + 4/5 Sb

(2)

GST523 −→ 3/6 GST326 (trig.) + 7/2 Ge + Sb

(3)

GST523 −→ 3GeTe (trig.)

(4)

+ 2 Ge

+ 2 Sb

GST523 −→ Sb2Te3 (trig.)

+ 5 Ge

(5)

GST523 −→ GST123

+ 4 Ge

(6)

GST523 −→ GST223

+ 3 Ge

(7)

GST523 −→ GST323

+ 2 Ge

(8)

GST523 −→ GST423

+

Ge

(9)

GST523 −→ GST221

+

Ge + 2 GeTe (trig.) (10)

GST523−→ GST213

+ 3 Ge + Sb

GST523 −→ 1/2GST243

+ 5/2 Ge + 3/2 GeTe (trig) (12)

(11)
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Reactions (11) and (12) correspond to those seen experimentally at UGRO as discussed in deliverable D4.1.
Compounds on the GeTe-Sb2Te3 tie-line are in the trigonal form, while all other alloys including GST523 are
in the cubic rocksalt geometry.
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Figure 16: Sketch of the decomposition pathways of GST523 investigated here on the ternary Ge-Sb-Te phase diagram.
The arrows indicate the transformations of GST523 into the main product for the different pathways.

The reaction energy and free energy for paths (1)-(12) are collected in Table 3.
The phonon contribution to the reaction free energy is small and it has been computed only for a subset of
reactions. A negative reaction free energy corresponds to an exothermic reaction.
The most favorable reactions correspond to the formation of compounds on the GeTe-Sb2Te3 tie-line
including the two end points GeTe and Sb2Te3. However, we should consider that the crystallization of the
amorphous phase during memory operation will most probably lead to a cubic phase and not to trigonal
phases because of kinetic hindrances as it is the case for GST225. The energy of the cubic compounds on the
GeTe-Sb2Te3 tie-line is several tens of meV/atom higher than that of the corresponding trigonal phase.
Moreover, the segregation of both elemental Ge and Sb is also possibly kinetically hindered.
Therefore, we should consider that other ternary cubic alloys off the GeTe-Sb2Te3 tie-line might form. Among
those, the product of reactions (8), (11) and (12) are the most thermodynamically favored. Reactions (11)
and (12) have indeed been seen experimentally at UGRO as reported in deliverable D4.1.
Concerning the reverse of reactions (8)-(10) with the formation of amorphous GST523 from crystalline Ge
and amorphous GeTe and the corresponding GSTXYZ, we confirm that the reactions are endothermic with,
however, a reaction energy higher than those reported in deliverable D4.1, namely 40, 21 and 20 meV/atom
for reversed reactions (8)-(10), respectively.
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Table 3: Reaction energy, configurational and vibrational contributions to the reaction free energy and total reaction
free energy (products − reactants) of reactions (1)-(12) in meV/atom for all alloys in their crystalline phase. A positive
(negative) energy indicates an endothermic (exothermic) reaction. The main product of reactions (1)-(5) is in the trigonal
phase, while it is in the cubic phase for all the other reactions. The vibrational contribution to the free energy per atom
is computed from phonons at the Γ-point. The configurational free energy is -TS where S is the configurational entropy.
For GST523 this number is -8.7 meV/atom at 300 K.
Reaction/main product
(1) GST124 trig.
(2) GST225 trig.
(3) GST326 trig.
(4) GeTe trig.
(5) Sb2Te3 trig.
(6) GST123
(7) GST223
(8) GST323
(9) GST423
(10) GST221
(11) GST213
(12) GST243

Reaction energy
Configurational reaction
Vibrational reaction free
(meV/atom)
free energy at 300 K (meV/ energy at 300 K (meV/atom)
atom)
-75.5
8.7
-75.1
8.7
-74.8
8.7
-73.6
8.7
-72.7
8.7
-31.7
-1.8
-43.5
-3.8
-50.6
-2.9
2.5
-26.1
-2.8
1.1
-35.4
1.1
1.9
-55.1
1.1
-50.9
1

Total reaction free
energy (meV/atom)
-67
-66
-66
-65
-64
-34
-47
-51
-28
-32
-54
-50

We anticipate that a high throughput DFT study of the GeSbTe phase diagram is in progress to predict all
possible decomposition pathways of Ge-rich alloys in metastable cubic phases on which we will report in
future deliverables.
In the following we report the analysis of the electronic properties of just a subset of the cubic phases
discussed above. The DFT electronic density of states of crystalline GST523, GST221 alloys are collected in
Figure 17 and compared with those of the other alloys GST423 and GST323 on the Ge-Sb2Te3 tie-line.
Calculations are performed with the PBE approximation to the exchange and correlation energy functional,
as discussed is deliverable D4.1.
The electron-poor alloys GST523, GST423, and GST221, i.e. with less than three p-electron per site, are
metallic with the Fermi level lying at energies lower than the deep pseudo-gap. On the contrary the GST323
alloy with exactly three p-electron per site is semiconducting with an electronic gap of 0.16 eV, which is most
probably underestimated by at least a factor two as usual for DFT calculations. The presence of a closed-shell
structure with no stoichiometric vacancies in GST323 justifies its higher stability with respect to the other
compositions along the Ge-Sb2Te3 tie-line.
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Figure 17: Electronic density of states of crystalline Ge-rich alloys. The zero energy is the Fermi level. The DOS is
computed on a 12x12x12 k-points mesh of the Brillouin zone of 216-atom supercells.

The electronic density of states of the amorphous phase of the Ge-rich alloys are compared instead in Figure
18. There is a finite density of states at the pseudogap at the Fermi level in a-GST221, a-GST523 while a gap
clearly opens up in a-GST423 and a-GST323. The states in the gap in a-GST523 are, however, localized as
shown by the Inverse Participation Ratio in Figure 19. Given the usual underestimation of the band gap within
DFT-PBE, we can conclude that the amorphous phase should behave as a semiconductor for all alloys in Figure
18. The DOS in the range -5/0 eV is due to p states of Ge, Sb, and Te, while the features in the range -10/-6
eV are due to s states of Ge and Sb. The feature at the lowest energy -13/-11 eV is due to s states of Te. The
DOS seem overall very similar, the main difference occurs for the height of the lowest energy feature that
increases with the Te content and that can be used to monitor the Te fraction.
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Figure 18: Electronic density of states of the amorphous Ge-rich alloys computed from KS energies on a 10x10x10 kpoint mesh of the supercell BZ. Each KS energy is broadened with a Gaussian function 50 meV wide. The zero of energy
is the highest occupied KS state.

Figure 19: Inverse Participation Ratio (IPR, gray spikes) superimposed to the electronic DOS of Ge-rich amorphous alloys.
The DOS were computed with CP2k at the supercell Γ-point only. The IPR for the i-th KS state is defined by
$
% 2
∑!,# 𝐶!,#
/%∑!,# 𝐶!,#
& , where j runs over the Gaussian-Type Orbitals (GTOs) of the basis set, while cij are the expansion

coefficients of the i-th KS state in GTOs. The higher the IPR the more localized is the KS state. The zero energy is the
highest occupied KS state. The states close to the band edges are clearly more localized than the states deep in the
valence and conduction bands.
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2.4 Theoretical analysis of Ge-rich GST alloys on the GeTe-Sb2Te3 tie-line
For the sake of completeness, we also report here in Figure 20 the electronic DOS of the Ge-rich compounds
on the GeTe-Sb2Te3 tie-line in the trigonal phase that were grown by MBE and whose Raman spectra were
discussed in deliverable D4.2. All compounds are semiconducting with a narrow energy gap, which is again
underestimated with respect to experiments due to the use of the DFT-PBE framework.

Figure 20: Electronic density of states (DOS) of the models of GST225 (disordered), GST326 (model D1 among two
models with different disorder in the Sb/Ge sublattices that we considered), GST528 and GST629. The zero of energy is
the Fermi level.

Regarding the structural properties of these latter compounds discussed in deliverable D4.1, we report here
on an additional calculation, again stimulated by the experimental outcomes reported in the previous
deliverables. Namely, the MBE growth of an epitaxial compound with a nominal average composition GST528
actually leads to a distribution of blocks of different sizes corresponding to GST225, GST326 and thicker slabs.
Similar results were reported in literature for nominal GST225 and GST124 compositions [16]. The
distribution of blocks depends on temperature, it is broad in the as-deposited samples and it becomes
narrower upon annealing at increasing temperatures by centering on the block with the number of layers
corresponding to the average, nominal composition. The distribution in thickness of the different blocks is
thus mostly controlled by the kinetics of the growth process. However, configurational entropy due to the
random sequence of blocks with different thickness might lead to an equilibrium block distribution with a
finite width.
We have addressed this issue by means of calculations based on DFT. As an example, we consider a sample
with a nominal composition corresponding to GST124 and we allow for a possible disorder in the block size.
To compute the energy cost of the presence of disorder we consider the transformation of two blocks of
GST124 into a block of GST225 and a block of Sb2Te3 (ST23) as GST124 + GST124 ⟶ GST225 + ST23. We
estimate the corresponding reaction energy by computing the DFT total energy of a superlattice made of 2
blocks of GST124, one block of GST225 and one block of Sb2Te3 all in the trigonal geometry, i.e.
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(GST124)2/GST225/ST23. We neglected possible disorder in the Ge/Sb sublattice of GST225 and we included
the vdW interactions as discussed in previous deliverables. The reaction energy of the transformation on two
GST124 blocks is then obtained as ΔE=ESL – 4E124, where ESL is the energy of the superlattice while E124 is the
energy of bulk GST124. Then we must add to this energy the configurational entropy due to the random due
to the random distribution of GST225 and Sb2Te3 blocks into GST124. Let’s consider having 2N blocks of
GST124 in bulk GST124 and let’s assume that 2h blocks of GST124 undergo the transformation into h blocks
of GST225 and h blocks of ST23, the total number of blocks remaining the same. The configurational entropy
due to the random distribution of the 2h transformed blocks is

The total free energy would then read F= hΔE -TS, where ΔE is the energy of the transformation of two GST12
blocks estimated above, while the free energy of pure GST124 is set to zero. By minimizing the free energy
with respect to h one obtains at 300 K an equilibrium fraction of the number of ST23 blocks over the number
of GST124 blocks of N23/N124 = 0.65 (N225=N23 in this model). This number must be compared with the N23/N124
ratio of about 0.5 measured in a sample with an initial nominal composition of GST124, grown by MBE and
annealed at 300 oC [16].
Inaccuracies are possibly present in the calculated reaction energy due to the very small energy difference
among the models with different stacking of blocks. Nevertheless, the DFT estimate suggests that a sizable
disorder in the distribution of block thickness in epitaxial GST is expected due to thermodynamics reasons
and not only due to kinetic hindrances in the growth process.

3. Electronic characterization of Indium based alloys and heterostructures
3.1 IST and IGT thin films
Due to their high crystallization temperature, IST and IGT alloys have been proposed as suitable PCM
candidates for automotive applications [17-18]. In this section we present the XPS and UPS characterization
of Indium based alloys samples in the form of single layers and heterostructures. All the samples were grown
on Si(111)/SiOx substrates by PVD at room temperature and analyzed in situ.
The XPS spectra of the shallow core levels for In3SbTe2 (IST312) and InGeTe2 (IGT112) single layers are shown
in Figure 21. The reported compositions are nominal as expected from the flux ratios (In:Sb:Te=3:1:2 and
In:Ge:Te=1:1:2) set for the growth of the two films.
From quantitative analysis of the spectra of the core levels in Figure 21, the compositions of the films were
estimated. The obtained result (in atomic percentage) for IST is 0.52 0.17 0.31, which matches the target
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composition quite well (3.1 1.0 1.8). In the case of IGT the result is 0.28 0.18 0.54, which represents a small
deficiency of Ge and is compatible with a 1.1 0.7 2.0 stoichiometry. It is important to note that for the growth
of IGT alloys it is necessary to use two high temperature sources for In and Ge. In these conditions the sample
surface reaches temperatures as high as 90-100°C that can affect growth kinetics and species incorporation.
With a fine tuning of the growth parameters the target stoichiometry could be easily adjusted.

(a)

(b)

IST312
Mg Kα - Te 4d, Sb 4d, In 4d

IGT112
Mg Kα - Te 4d, Ge 3d, In 4d

Figure 21: XPS spectra of (a) IST 312 Te 4d, Sb 4d, In 4d core levels and (b) IGT112 Te 4d, Ge 3d, In 4d core levels.

The UPS spectra for the two samples are reported in Figure 22 together with the DOS calculated by DFT
calculations carried out by UMB unit in earlier publications [19-20]. IST shows a clear peak around 7 eV
associated to In 5s shallow core level and the VB exhibits a prominent peak at 3 eV with a small shoulder at
about 4 eV with a dominant Te 5p character [19]. Unlike IST film, in the VB of IGT we can distinguish three
clear features between 0 and 5 eV: the first at about 2 eV has a main Ge 4s character while the others two
peaks around 3 and 5 eV, as a main Te 5p character [20]. It is worth noting that the agreement between the
experimental spectra and the DFT calculations (taking into account the underestimation of bandgap by DFT)
for both amorphous IST312 and IGT112 is very good. Such DOS, calculated by melt-quenching a rocksalt
structure for both alloys, result in various tetrahedra and octahedra distributions of InSb and InTe for IST,
and InTe and GeTe for IGT.
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(a)

(b)

IST312

IGT112

(c)
(d)

Figure 22: UPS spectra of (a) IST 312 (b) IGT 112 grown by PVD. DOS calculated by DFT on (a) IST312 (b) IGT112 adapted
from Refs. [19] and [20].

3.2 IST312/IGT112 heterostructure
The two alloys have been grown to form a double layer heterostructure with IGT as top layer (Figure 23). The
aim of this study is to evaluate the interdiffusion of Sb in the top layer and the possible formation of a
quaternary alloy. The heterostructure was grown by using the same conditions as for the two separate films
but the IGT top layer was deposited with successive steps up to a final thickness of 24 nm to follow the
interface formation.

Figure 23: schematic picture of the In- based heterostructure.

XPS and UPS measurements were carried out on the heterostructure as already described in the previous
section. Figure 24 (a) reports the XPS spectra measured for the IST312/IGT112 heterostructure as a function
of the thickness of the deposited IGT film. From a careful inspection of the XPS spectra in Figure 24 (a),
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starting from the deposition of the very first IGT layer, the appearance of the Ge 3d signal around 30 eV BE
can be observed together with a very small chemical shift of the In 4d core levels toward higher BEs with
respect to the IST layer. No chemical shifts of Te 4d and Sb 4d are detected at any thickness. In particular, a
chemical shift of Sb 4d would have been expected in the case of the formation of quaternary alloys [21-22].
At increasing coverages only changes of peak intensity are observed.
Each of the core levels shown in Figure 24 (a) was fitted with two contributions (not shown): one associated
to the growing IGT film and the other, assigned to the first IST layer (same model as for the heterostructures
described above in sections 2.2.2 and 2.2.3), that disappears for thicknesses exceeding 8 nm.

(a)

(b)

Figure 24: evolution of (a) XPS and (b) UPS spectra with the thickness of the deposited IGT112 layer on IST312. Please
note that for coverages higher than 8 nm only the Kα3 replica of Te 4d is visible in the Sb 4d energy range.

It is important to note that at any IGT coverage the best fits do not require the second Sb 4d component,
seemingly ruling out the formation of a quaternary alloy. From the fits of the shallow core levels the
stoichiometry across the heterostructure was evaluated as already described in the previous section. The
final stoichiometry (1.0 0.7 2.0) of the IGT layer is comparable with the results reported above for a 24 nm
IGT single layer. At the early stages of the heterostructure formation, the measured stoichiometries are (1
0.7 1.4) and (1.0 0.7 1.5) for 1 nm and 2 nm of IGT, slightly different from the final composition of IGT at 24
nm, pointing at a possible limited intermixing at very low coverages.
The evolution of the UPS spectra shown in Figure 24 (b), revealed the presence of the two characteristic
features around 2 and 5 eV for the IGT layer, not visible for the IST layer. These signals grow in intensity for
increasing thicknesses of the IGT film with no detectable shifts. Moreover, a slight chemical shift of the
feature around 7 eV, assigned to In 5s, is detectable from IST to IGT. Notably, for deposited film thicknesses
of 1 and 2 nm this feature appears broader probably due to a superimposition of In 5s from IST and IGT. At
increasing thicknesses, the IGT-related peak dominates the spectra. These observations and the results
obtained by XPS suggest that the interface is quite sharp and free from intermixing phenomena, at least for
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coverages higher than 2 nm. Information on the morphology of growth can be inferred from the intensity
decay of the Sb 4d core level (which is present only in the bottom layer).

Figure 25: Evolution as a function of IGT thickness Θ of the Sb 4d intensity normalized at the intensity of the IST layer.

In Figure 25 the intensity of Sb 4d, normalized to the intensity of the IST layer, is plotted as a function of
thickness and fitted with a simple exponential decay, as expected for a uniform growth on top of a sharp
interface. The fit is very good, the estimated photoelectron escape depth is 2.6 nm, as expected for electrons
of about 1200 eV of kinetic energy. Among the heterostructures studied in this deliverable IST/IGT is the only
one where intermixing is absent or very limited. However, we have to note that the two films were grown
amorphous at room temperature, if we exclude the unwanted heating from the thermal sources operating
at high temperature. Annealing experiments are planned to crystallize the heterostructure and to verify the
possible occurrence of a larger intermixing. A recent paper appeared in literature by Salinga et al. [23]
proposing a single element (antimony) as a valid PCM for memory applications when confined in extremely
small volumes. In the light of these findings, our results suggest Sb/IGT112, with very thin Sb layers, as a valid
combination of materials for multilayers of interest in Beforehand. The growth and the study of such
heterostructures is now planned at the URTOV unit.

4. Electronic properties of Ge2Sb2Te5 in the liquid phase from DFT calculations
In the perspective to aid the electrothermal modeling of the PCMs we have also investigated by DFT the
electronic properties of the liquid phase of GST225. In particular, we addressed two issues: the metal
insulator transition in the supercooled liquid phase below melting and the calculation of the Seebeck
coefficient above melting. We report on these two issues in the separate sections below.
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4.1 Metal insulation transition in liquid Ge2Sb2Te5
In the reset process of the memory the crystal is rapidly brought above the melting temperature Tm by Joule
heating and then the liquid phase rapidly cools down leading to the formation of the amorphous phase. Since
the liquid above Tm is metallic and the amorphous phase is semiconducting a semiconductor-to-metal
transition occurs in the supercooled liquid. A suitable definition of metal-semiconductor transition (M-SC) is
given by the temperature TM-SC at which a mobility gap opens up by decreasing temperature.
Previous DFT molecular dynamics (MD) simulations of GST225 have shown a deepening of a pseudogap at
the Fermi level (EF) in the electronic DOS by decreasing temperature [24]. These calculations were, however,
restricted to temperatures where the DOS at EF and the resulting electrical conductivity is still relatively high.
We have thus extended the previous DFT investigations by analyzing the electronic properties of GST225 at
high supercooling below Tm down to temperatures close to Tg aiming at identifying the appearance of a
mobility gap and thus at estimating TM-SC. To this aim we analyzed the DOS close to EF in 216-atom models
generated by DFT molecular dynamics simulations with the PBE functional. The DOS were, however,
calculated with a hybrid functional (HSE06) [25] to better reproduce the band gap. The DOS at different
temperatures are shown in Figure 26. A pseudogap clearly deepens by decreasing temperature. The DOS
close to EF was fitted by a square root function of the energy in the valence and conduction bands as
𝐴! $𝐸 − 𝐸! and 𝐴" $𝐸" − 𝐸 where 𝐸" and 𝐸! are the band edges from which we estimate the band gap as
𝐸# = 𝐸! − 𝐸" . The resulting Eg as a function of temperature collected in Figure 27 suggests a vanishing
electronic gap at about 700 K. As a different estimate of the gap closure, we computed the optical Tauc gap
from the imaginary part of the dielectric function 𝜀$ (𝐸). The Tauc gap is defined as the energy E for which
the linear extrapolation of the function 𝐸$𝜀$ (𝐸) becomes zero. The Tauc gap similarly vanishes close to 700
K (see Figure 27).
However, a negative value of Eg might not necessarily imply a metallic behavior as the finite DOS at EF might
be due to localized states. Conversely, a positive Eg does not imply a semiconducting behavior if a finite
density of delocalized states is still found at EF. To assess the localization properties of the electronic states
we superimpose the IPR to the DOS in Figure 28. A sizably large IPR for the states in the pseudogap are found
only at and below 740 K which is consistent with the estimate of TM-SC at around 700 K given by the vanishing
of Eg. We already published these results in Ref. [26] where we also discuss the dependence of TM-SC on the
choice of the exchange and correlation functional.
The analysis of the structural properties as a function of temperature in the supercooled liquid is discussed
in great details in our published paper [26] and we therefore refer to this article for the details. We mention
here that this analysis seems to exclude a correlation between the appearance of tetrahedral Ge atoms at
high supercooling and the opening of a mobility gap which occurs at a much higher temperature closer to Tm.
A better correlation is found between the M-SC transition and the Peierls distortion consisting of the
formation of long and short bonds around Ge and Sb atoms. Indeed, the Peierls distortion appears at higher
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temperature than tetrahedral Ge atoms, although still sizably lower than the estimated TM-SC. Therefore, our
results support more the presence of a continuous structural change responsible for the M-SC than a first
order liquid-liquid phase transition which was also speculated in literature [27].

Figure 26: Electronic density of states (DOS) around the Fermi level of the liquid and supercooled GST225 liquid models
generated with the PBE functional at different temperatures. The DOS is averaged over nine configurations at each
temperature, the DOS of the different configurations are aligned at the highest occupied state. Standard deviations are
depicted by the blue shaded area around the solid lines. Different alignments of the DOS were also checked. The zero
of energy is the Fermi level assigned by the average DOS at each temperature and the constraint on the total number
of electrons. The fitting of the valence and conduction band edges with the square-root function in the gray shaded
regions are also shown (dashed lines).
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Figure 27: Energy gap as a function of temperature in the PBE simulations of GST225 obtained from the fitting of the
electronic DOS close to EF (red squares) shown in Fig. 26 or given by the Tauc optical gap (blue circles, see text). The
lines are just a guide for the eye.

Figure 28: Electronic density of states (DOS) around the Fermi level of the liquid and supercooled liquid GST225 models
generated with the PBE functional at different temperatures as reported in Figure 26 with the Inverse participation
Ratio (IPR) superimposed to highlight the rising of localized states in the pseudogap as temperature is lowered. The IPR
refers to the same nine configurations used to compute the DOS. The value of the DOS at the Fermi level is given in each
panel.
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4.2 Seebeck coefficient in liquid Ge2Sb2Te5
Thermoelectric effects have been shown to play an important role in the programming operations of the
device due to the presence of large electric fields and thermal gradient [28].
Numerical simulations based on finite-elements methods have been performed to reproduce the electrical
characteristics of phase change memories based on the prototypical GST225 phase change compound in the
set and reset regimes [28]. This modeling requires as input parameters the values of the transport and
thermoelectric coefficients of the material as a function of temperature in the different phases such as the
electrical and thermal conductivity and the Seebeck coefficient. These data are available from experiments
for the crystalline and amorphous phases while only partial information is available for the liquid. Electrical
conductivity of GST225 has been measured in the temperature range 930-990 K. The thermal conductivity is
then typically estimated from the electrical conductivity and the Wiedemann-Franz law.
No experimental information is available instead for the Seebeck coefficient in liquid GST225 which is then
estimated from a linear extrapolation with temperature of the measured value in the crystalline phase below
the melting temperature [28].
In this respect, first principles simulations can provide the information on the transport and thermoelectric
coefficient of the liquid phase needed for the thermoelectrical modeling of the device and not available from
experiments. To this aim we have computed the Seebeck coefficient S from DFT molecular dynamics
simulations. The same models used to investigate the M-SC transition discussed in the previous section were
heated above Tm. Different snapshots were then extracted from constant temperature simulations to
compute the Seebeck coefficient from the Kubo-Greenwood expression [29] by a careful integration of the
Brillouin Zone.
We considered three temperatures above Tm (850-877 K for GST225), i.e. 900, 1000 and 1100 K. The resulting
Seebeck coefficient is in the range 8-14 𝜇V/K. The Seebeck coefficient is positive, and it compares well with
the value of about +20 𝜇V/K used for liquid GST225 in the electrothermal modeling reported in literature
[28]. The DFT calculations therefore provide a theoretical basis for the estimates of S used in previous
numerical simulations of the operation of the devices.
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5. Conclusions
In this deliverable we have presented a detailed study of the electronic structure of PCM alloys and
heterostructures performed by photoelectron spectroscopy and ab initio DFT calculations. It is therefore
obvious that a close collaboration between the experimental and the theoretical groups is crucial for the
interpretation of results.
Several topics have been addressed concerning alloys and heterostructures which are potentially interesting
for automotive applications as pointed out in deliverable D2.1 and in the mid-term review report.
At first, we have focused on a comparison between the electronic properties of the prototypical GST225 alloy
grown by MBE and PVD. The comparison of XPS results allowed us to verify the quantitative analysis
procedure to determine, in situ, the composition of the films grown by PVD. UPS analysis of the VB showed
a very close correspondence between the experimental spectrum of the crystallized GST225 sample and the
DOS calculated by DFT for a trigonal GST225.
Ge-rich GST were grown by PVD with Ge:Sb:Te=5:2:3 flux ratios pointing at a GST523 alloy. XPS analysis has
shown that the stabilized amorphous phase has a composition close to 424. As also showed in deliverable
4.1, GST523 is actually not stable and can decompose into various phases. Several possible decomposition
paths (see Figure 16) have been considered by DFT calculations of the decomposition free energy of GST523
from UMB. The calculations show that the GST243 and GST213 alloys are likely to form during crystallization
of the amorphous phase in agreement with the experimental finding by UGRO as reported in deliverable
D4.1. The stabilization of the 212 composition by PVD is therefore the result of the kinetic processes occurring
during the growth with a not congruent desorption of the elemental components. Although it has not been
possible to crystallize Ge-rich GST in UHV, due to the high transition temperature that can favor film
desorption, the comparison between the theoretical and experimental DOS for the amorphous phase is quite
good.
In view of automotive applications, the growth of multilayers is the next step for the search of the best trade
off among the properties of different alloys. In the study of the electronic properties, we focused on the
formation of the interface between two layers for the following heterostructures: Sb2Te3/GST523 and
GST225/GST523. The evolution of the heterostructure was followed as a function of the thickness of the
second film and an intermixing between the two layers was highlighted. At increasing thickness of the second
layer there is a progressive increase of the Ge and Te content which leads, for both the heterostructures, to
a typical final composition close to 424. These results confirm that PVD at room temperature, strongly driven
by kinetics, stabilize a 424 composition. Furthermore, intermixing occurs with a much larger extension in the
Sb2Te3/GST523 heterostructure than in the GST225/GST523 one. The effects of the intermixing and its
extension will be evaluated with respect to the Single Cell Vehicle device performances prepared by PVD with
this same heterostructures, currently under test. Such results will be presented and discussed in deliverables
D3.5 and D4.5). The theoretical analysis of Ge-rich GST alloys on the GeTe-Sb2Te3 tie-line has shown that the
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configurational entropy is responsible for the block disorder seen experimentally in MBE samples as reported
in deliverable D4.1. Similar effects might be present also in heterostructures regardless of the deposition
methods.
In-based alloys and heterostructures were also investigated. Although poorly studied in literature they are
interesting for automotive application because of their transition temperatures in the range 230-270 °C. We
have focused especially on In3SbTe2 and InGeTe2, which are the most stable compositions. Their electronic
properties have been fully characterized and compared with DFT calculations performed at UMB. A
In3SbTe2/InGeTe2 heterostructure has also been studied to investigate the interdiffusion of Sb.
Finally, UMB provided results on the electronic properties of liquid GST225 in the perspective to aid the
electrothermal modeling of memory devices. The semiconductor-metal transition has been identified in
models of the supercooled liquid phase. Estimates of the Seebeck coefficient in the liquid phase have also
been provided.
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