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1 Introduction
The consortium of BeforeHand aims at developing phase change materials (PCM) targeted to
address key applications in the automotive sector. Phase-change materials (PCM) based on GeTeSb2Te3 (GST) alloys are of great technological importance in memory devices, due to their ability
to undergo a fast and reversible transition between the amorphous (RESET) and crystalline (SET)
phases upon heating. The two different phases can be easily discriminated by Raman
spectroscopy.
Raman spectroscopy of many materials began in 1930, but early measurements were mainly
limited to bulk materials. Nowadays, Raman spectroscopy has become increasingly important in
the area of Material Science, as a non-destructive diagnostic technique for thin-film materials and
two-dimensional layered materials. For instance, Raman spectroscopy can provide information
on the crystal structure, electronic structure, lattice vibration, doping, film or flake thickness,
lattice strain, layer stacking, structural defects, charge transfer, stoichiometry, phase transitions,
and crystallization temperature.
Raman spectroscopy relies upon inelastic scattering of photons, known as Raman scattering. A
source of monochromatic light, usually from a laser in the visible, near infrared, or near
ultraviolet range is used. The laser light interacts with molecular vibrations, phonons or other
excitations in the system, resulting in the energy of the laser photons being shifted up or down.
The shift in energy gives information about the vibrational modes in the system.
Typically, a sample is illuminated with a laser beam. Electromagnetic radiation from the
illuminated spot is collected with a lens and sent through a monochromator. Elastic scattered
radiation at the wavelength corresponding to the laser line (Rayleigh scattering) is filtered out by
either a notch filter, edge pass filter, or a band pass filter, while the rest of the collected light is
dispersed onto a detector. The magnitude of the Raman effect correlates with polarizability of
the electrons in a molecule or a crystal lattice. It is a form of inelastic light scattering, where
a photon excites the sample. This excitation puts the molecule into a virtual energy state for a
short time before the photon is emitted. Inelastic scattering means that the energy of the emitted
photon is of either lower or higher energy than the incident photon. After the scattering event, the
sample is in a different rotational or vibrational state. For the total energy of the system to remain
constant after the molecule moves to a new rovibronic (i.e., rotational-vibrational-electronic)
state, the scattered photon shifts to a different energy, and therefore a different frequency. This
energy difference is equal to that between the initial and final rovibronic states of the molecule. If
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the final state is higher in energy than the initial state, the scattered photon will be shifted to a
lower frequency (lower energy) so that the total energy remains the same. This shift in frequency
is called a Stokes shift. If the final state is lower in energy, the scattered photon will be shifted to a
higher frequency, which is called an anti-Stokes shift. For a molecule to exhibit a Raman effect,
there must be a change in its electric dipole-electric dipole polarizability with respect to the
vibrational coordinate corresponding to the rovibronic state. The intensity of the Raman
scattering is proportional to this polarizability change. Therefore, the Raman spectrum (scattering
intensity as a function of the frequency shift) depends on the rovibronic states of the molecule or
crystal lattice.
Lattice vibrations are usually denoted by the irreducible representations of the space group of a
crystal. From its denotations, we can determine the optical activities of this vibration, i.e., Raman
active, Infrared (IR) active, or optically inactive.
In GST alloys the infrared active GST mode is not observed in the Raman spectra, indication of the
fact that inversion symmetry is preserved in the metastable cubic phase in accordance with the F
m3 space group. For the trigonal phase, instead, a partial symmetry break due to Ge/Sb mixed
anion layers is observed. By studying the crystallization process upon annealing, it is possible to
identify temperature regions corresponding to the occurrence of different phases as well as the
transition from one phase to the next. In fact, highly-ordered cubic GST (c-GST) can be obtainedthrough annealing treatment of amorphous GST (a-GST) deposited on a crystalline substrate. In
this case, it is possible to slowly tune the structural transitions (amorphous to crystalline and cubic
to trigonal) to identify both the change in bonding and symmetry. In addition, a metal-insulator
transition (MIT) can be observed at the onset of the transition between the disordered and the
ordered cubic phase, by studying the Raman intensity as a function of the material annealing
temperature.
The a-GST (326) Raman spectrum, as an example, presents the characteristic Bose mode (30–
100 cm−1), and two modes centered at 120 and 148 cm−1, assigned to vibrations of defective
octahedra. The broad feature at 210 cm−1 is ascribed to vibrations of tetrahedra. In the c-GST (326)
spectrum two strong broad modes centered at 105 and 160 cm−1 are present. Polarization
dependent measurements help to assign the modes to Eg (105 cm−1) and A1g (160 cm−1). Such
modes are characteristic of the metastable cubic c-GST phase (point group m m). According to the
F m3 space group expected for metastable c-GST (326), and the sites occupancy, no Raman active
modes should be allowed, and only the IR active mode T1u (70 cm−1) is expected. The broad mode
T1u of c-GST (326) is composed by the superposition of the phonon modes of the binary
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constituent compounds, Eg and A1g for GeTe and Sb2Te3, respectively. The fact that Eg and A1g
vibrations are observed and are broad, is attributed to the presence of vacancies and defects that
are responsible for the local symmetry breaking. The Raman modes of the metastable c-GST (326)
are prevalently arising from the Sb2Te3 modes A1g and Eg slightly shifted (~7 cm−1) toward lower
energies, while the modes of GeTe do not strongly contribute, due to their lower polarizability if
compared to Sb2Te3.
Such an example shows the power of Raman spectroscopy that can be used to study both
amorphous and crystalline samples and to understand if the crystalline sample is in its cubic or
trigonal phase. It is helpful to follow sample crystallization or the MIT transition. Furthermore, the
analysis of mode position and shape supports compositional studies especially if performed in
combination with theoretical calculations. In addition, Raman spectroscopy is a non destructive
and rather quick investigation method that delivers rapidly relevant information to growers.
Within Beforehand consortium two partners (CNR and PDI) contributed to the Raman
investigation of the samples, while the UMB group provided valuable theoretical support for
Raman mode assignment.
At CNR-IMM, the experimental setup consists in a Thermo Fisher Scientific DXR2xi Raman Imaging
Microscope operating in backscattering mode with a 50x objective and a laser wavelengths 532
nm and 785 nm. Thermo Scientific DXR2xi Raman Imaging Microscope provides both
spectrographic and spatial mapping. The microscope is equipped with a diode-pumped, solid state
532 nm laser and with both full-range and high-resolution gratings. The laser light is focused by a
microscope objective (10x, 50x, long focal distance 50x) and the same objective is used for the
collection of the backscattered light. The microscope is endowed with a high-precision motorized
stage control for fast mapping of lines, areas, depth profiles and cross-sectional slices.
At PDI, the Raman spectroscopy measurements are performed using a Horiba LabRAM HR
Evolution Raman spectrometer. The Raman spectra were acquired in backscattering z(y,xy)-z
geometry, the sample was excited with the 632.8 nm line of a He-Ne laser, and the scattered light
is analyzed using a spectrometer equipped with a liquid N2-cooled charge-coupled device
detector. The laser light is focused by a 100x microscope objective.
At UMB, calculations of phonons and Raman spectra are performed within density functional
theory (DFT). Phonon frequencies are obtained either by Density Functional Perturbation Theory
(DFPT) with the Quantum-Espresso code [www.quantum-espresso.org] or by using the Cp2k code
[www.cp2k.org] for models with many atoms as it is the case for amorphous Ge-rich alloys. With
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the Cp2k code, the dynamical matrix is obtained from finite differences of the forces for small
atomic displacements. For all systems the Perdew-Burke-Ernzherov approximation for the
exchange and correlation functional is used, supplemented by the semiempirical correction due
to Grimme to include van der Waals interactions. Raman spectra are obtained from ab-initio
phonons, while the electronic susceptibility entering in the Raman tensors is computed within the
Bond Polarizability Model (BPM). The BPM was developed for GST alloys in a previous work of
UMB [G.C. Sosso et al. Phys. Rev. B 83, 134201 (2011)] by fitting ab-initio Raman spectra in nonresonant conditions of reference structures.

2 Importance of epitaxial thin films investigation
In recent years, Raman spectroscopy was extensively exploited in PDI to investigate GST materials
and heterostructures. We studied the vibrational modes of amorphous and crystalline GST with
composition ranging between 124 and 326. [Bragaglia et al., Sci Rep 6, 28560 (2016); Zallo et al.,
Sci Rep 7, 1466 (2017).] The films have been deposited by molecular beam epitaxy (MBE) on Sbpassivated Si(111) substrate. The technique is particularly useful to rapidly identify the phase in
epitaxial GST films (i.e. cubic/trigonal). [Bragaglia et al., JAP 123, 215304 (2018).] We applied the
same technique also for the study of Sb2Te3/GeTe superlattices (SL). [Zallo et al., APL 108, 221904
(2016).] The spectra of these heterostructures show a superposition of modes of the constituting
materials, providing evidence of the intermixing of GeTe layers in Sb2Te3/GeTe SLs and the
formation of ordered GST blocks. [Wang et al., Cryst. Growth Des. 16, 3596 (2016).] Also, the
improved structural quality obtained in native van der Waals (vdW) Sb2Te3/GST SLs resulted in
the sharpening of the SL Raman modes. [Cecchi et al., APL Mater. 5, 026107 (2017).] Most recently,
we investigated epitaxial Sb2+xTe3 alloys, for which we used a combination of X-ray diffraction
(XRD) and Raman spectroscopy to determine the composition and structural properties of the
material. [Cecchi et al., Adv. Funct. Mater. 29, 1805184 (2019).]
Ultimately, the high crystal quality of epitaxial GST films, together with the structural control
guaranteed by MBE, are key elements for the development of the rich academic and applied
knowledge described here. In the following, we show the analysis by Raman spectroscopy of
amorphous and epitaxial films and heterostructures developed within the project BeforeHand.

2.1 Epitaxial Ge-rich GST films and heterostructures
2.1.1

Epitaxial Ge-rich GST films

Crystalline GST layers: In the following we show the Raman spectra of the GST series #2 samples
(Figure 1), reported in D2.1 (Section 3.1.1). The chosen growth conditions, in particular the
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reduced total fluxes, allowed to reach a composition of Ge10Sb2Te13 (GST-25). Please note that the
present value slightly differs from that included in D2.1, as an optimized fitting procedure was
employed at PDI for X-ray diffraction (XRD) curves. The spectra of the second GST series (plotted
in gray scale) are very similar to those shown in D2.1 in Figure 9 for the first series (yellow, red
and dark red curves). The reduced growth rate seems to also affect the crystal quality and
ordering, as testified by the slight reduction of peak broadening in the spectra. The spectral region
between 150-180 cm-1 reveals a clear composition dependent evolution, which can be
qualitatively compared with theory, presented in Section 2.1.2. Interestingly, for sample GST-25
the highest frequency mode is found at ≈205 cm-1. The composition dependent overall broadening
of the GST spectral features as recoded in the series testifies the increased structural complexity
owned by GeTe-rich films.

Figure 1: Raman spectra measured at room temperature of the second GST series (gray scale) on Si(111), along with those
of GST225 (yellow), GST326 (red) and GST528 (dark red) samples of the first series (D2.1 Figure 9). The curves are
vertically shifted for better clarity.

2.1.2

Calculations on Ge-rich GST

DFT calculations on phonons and Raman spectra have been performed at UMB on Ge-rich
compounds on the GeTe-Sb2Te3 tie-line GST225, GST326, GST528 and GST629 in their trigonal
crystalline phase which are close to the compositions grown experimentally in the form of thin
films by partner PDI.
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Since these systems display a disorder in the Sb/Ge sublattices we considered a 2x2x1 hexagonal
supercell (i.e. 4 formula units in the xy-plane) for GST225, GST528 and the equivalent trigonal
supercell for GST326 and GST629. In Figure 2 a schematic diagram of the Sb/Ge composition in
each plane of the layered crystals is shown. The composition is taken from literature when
available or tuned in order to have a stable system. In fact, we have found that intermixing between
Ge and Sb is mandatory to avoid the appearance of phonon instabilities. The atomic positions and
the a and c lattice parameters (in the hexagonal notation) for all compounds have been fully
optimized.

Figure 2: Composition of the Sb/Ge layers chosen to model the trigonal GST compounds. From the left: GST225, GST326,
GST528, and GST629.

A comparison of the Raman spectra of GST at the four compositions 225, 326, 528 and 629 is
reported in Figure 3. The Raman spectra correspond to the z(x,xy)-z backscattering geometry with
z along the c axis in the hexagonal notation for all crystalline compounds.
The Raman spectra are computed with the DFT phonons and the BPM model developed by fitting
ab-initio Raman spectra of reference structures in non-resonant conditions. Therefore,
discrepancies are expected for the relative intensities of different peaks when compared with
experimental Raman spectra which are recorded in resonant conditions due to the small band gap
of GST alloys.
The theoretical spectra are more structured than the experimental ones in Figure 1, because the
theoretical models contain a single phase while the experimental samples at the nominal
composition actually consists of a distribution of lamellae of different thickness as shown in
D3.3
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Deliverable 4.1. Nevertheless, the features around 100-120 cm-1 in the theoretical spectra match
with the experimental spectra in Figure 1.
The experimental peak that shifts in frequency with composition in the range 150-170 cm-1 (Figure
1) is also present in the theoretical spectra but with a much lower intensity because the theoretical
spectra are computed in non-resonant conditions.
GST225

Intensity (arb. units)

GST326

GST528

GST629

0

50
100
150
Frequency (cm−1)

200

Figure 3: Raman spectra of GST225, GST326, GST528 and GST629 with disorder in the Sb/Ge sublattice as given in Figure
2.

The analysis of the displacement pattern reveals that the highest and the lowest Raman peaks
correspond to the same type of phonons at all compositions as shown in Figure 4 and Figure 5.
These modes mostly involve atoms close to the vdW gaps. The change in frequency of these modes
with composition is shown in Figure 6. The blue shift of the highest frequency modes with the
increase of Ge content is qualitatively reproduced in the experimental spectra (see Figure 1).
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GST225
A1g(1)

GST528
Ag(3)

Figure 4: Displacement pattern of the mode corresponding to the Raman peak at the lowest frequency in Figure 3 in
GST225 and GST528.

GST225
A1g(4)

GST528
Ag(84)

Figure 5: Displacement pattern of the mode corresponding to the Raman peak at the highest frequency in Figure 3 in
GST225 and GST528.

Figure 6: The frequency dependence of the lowest and highest Raman modes which correspond to the A1g(1) and A1g(4)
modes of the ordered GST225 as a function of the number of atoms per formula unit at the four compositions GST225 (9
atoms), GST326 (11 atoms), GST528 (15 atoms), GST629 (17 atoms).
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2.1.3

Epitaxial heterostructures

Bilayer heterostructures: As described in deliverable D2.1 (Section 3.2.1), GST-25/Sb2Te3 and GST25/GST-9 bilayer (BL) heterostructures were fabricated by MBE on Si(111). In Figure 7 the Raman
spectra of the heterostructures and corresponding reference samples are plotted. The
heterostructures spectra are very clearly resulting from the superposition of the vibrations of the
reference materials (see dashed lines in the Figure), while no evidence of additional features is
present. As an example, the sharp A1g(1), Eg(2) and A1g(2) modes of Sb2Te3 (dashed brown lines)
are very well visible in the spectrum of GST-25/Sb2Te3 sample. The present data confirm the
analysis carried out by XRD (Figure 20 in D2.1), excluding a strong intermixing between the
constituting layers. However, considering the rather small changes in the Raman spectra of GST
alloys as a function of the composition, a local intermixing at the BLs interface is still likely to occur.
Ultimately, an in-depth investigation of the interface properties requires the use of transmission
electron microscopy (TEM). TEM measurements will be carried out on epitaxial heterostructures.

Figure 7: Raman spectra measured at room temperature of (left) GST-25/Sb2Te3 and (right) GST25-GST-9 bilayer
heterostructures, plotted in cyan and dark yellow, respectively. The spectra of the reference Sb2Te3 (brown), GST-9 (gray)
and GST-25 (black) films are also shown. The curves are vertically shifted for better clarity. Dotted lines indicate the
signatures of the reference samples in the spectra of the two bilayer samples.

Ge-SL heterostructures: As described in the M18 Technical Report document (Section 1.1.2), the
epitaxy of Sb2Te3/Ge heterostructures was attempted in order to enhance the incorporation of Ge
in epitaxial samples, potentially mitigating the formation of pseudobinary alloys. The chosen test
structures [(Sb2Te3)2/(Ge)N]5 feature an increasing amount of Ge separated by nominally 2×
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Sb2Te3 quintuple layers, corresponding to ≈2 nm. The Raman spectra of the heterostructures are
shown in Figure 8, along with that of a reference Sb2Te3 film (brown curves). The left panel shows
the spectra in a larger frequency range, while the right panel focuses on the region of interest for
GST materials. No signature of Ge is detected (a sharp peak is expected for Ge-Ge vibrations in Ge
crystals at ≈300 cm-1), while a weak feature of the Si substrate is visible at ≈304 cm-1. Indeed, its
intensity decreases as the total thickness of the heterostructure increases. The evolution of the
Raman spectra for increasing Ge seems to be contradicting with the analysis performed by XRD,
where a signature of superstructure was clearly observed for the sample with more Ge (pink).
Here, instead, for the sample with less Ge (orange curves) a spectrum qualitatively resembling
those of epitaxial Sb2Te3/GeTe(GeSbTe) SLs is found, hosting both the sharp modes of Sb2Te3
modes and weak signatures of GST. With increasing Ge (red and magenta curves), the contribution
of Sb2Te3 weaken till these vibrations completely vanish for the last sample in the series (pink
curves). This sample features a spectrum very similar to those of ternary alloys, with two main
contributions at ≈108 cm-1 and ≈170 cm-1. Therefore, these data possibly reveal an intermixing of
the Sb2Te3 in the heterostructure, while on the other hand a periodic repetition is still present.
Complementary to XRD and Raman techniques, atomic resolution STEM is being performed on
N=2 and N=4 samples in order to shed light on the reconfiguration occurring in these
heterostructures as a function of the Ge content and to solve the apparent inconsistency between
XRD and Raman data.

Figure 8: Raman spectra measured at room temperature of the [(Sb2Te3)2/(Ge)N]5 samples on Si(111), along with that of
a reference Sb2Te3 film. The curves are vertically shifted for better clarity.
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2.1.4

Ultra-thin epitaxial GST layers

GST phase change alloys exhibit layered crystalline structures made of lamellae separated by van
der Waals (VDW) gaps, in the trigonal phase (Figure 9). The dependence of interlamellae
interactions at the VDW gap on film thickness of GST alloys can be probed by vibrational
spectroscopy. A combination of DFT calculations and Raman spectroscopy is a direct and simple
method to identify the thickness of the GST film. The shift of the vibrational modes can be studied
as a function of the layer size and the low-frequency range can provide the number of lamellae for
different GST compositions. Comparison between experimental and theoretical Raman spectra
highlight the precision growth control obtained by the molecular beam epitaxial (MBE) technique
used to grow the GST films.
In particular, the in-plane Eg and out-of-plane A1g modes between 30 cm-1 and 40 cm-1 can probe
the weak interaction at the VDW gap, resulting in a direct measure of the film thickness. Thermal
annealing of the GST225 series leads to the formation of Ge poor compositions with similar
dependencies of the Raman modes on the film thickness.

Figure 9: GST225 epitaxial ultrathin samples. Upper HRTEM micrograph of the specimen in Si[1-10] zone axis with N ~21
lamellae. Van der Waals gaps occur mainly every 9 atomic layers. c-d, HRTEM micrographs for (c) 3-, (d) 2-, and (e) 1lamellae films, showing examples of Ge-poor GST blocks at the interface with the substrate due to a transient growing
condition.

Raman spectra of the layered GST225 as a function of layer thickness are reported in Figure 10a.
By DFT calculations and polarization resolved measurement at 10 K on the bulk-like sample, the
symmetry of the vibrational modes is assigned. Bulk phonons at the G-point actually correspond
to the irreducible representations G=4EgÅ4A1gÅ4EuÅ4A2uÅEuTÅA2uT. High-frequency modes can
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be identified as Eg (3), A1g (2) and A1g (4) at 107.4 cm-1, 110.7 cm-1 and 175.1 cm-1, respectively.
Interestingly, two other modes are visible in the low-frequency region: Eg (1) at 36.7 cm-1 and A1g
(1) at 53.7 cm-1. These modes allow for the estimation of the number of lamellae.
Figure 10b shows a good agreement between experiment and theory for the intensity and position
of Raman modes. The theoretical data in this section refer to DFT calculations performed by
partner UMB. The inversion of the relative position of the theoretical Eg (3) and A1g (2) modes
(predicted only 8.3 cm-1 apart) with respect to the experiment can be attributed to the lack of both
disorder within the cationic sublattice and compositional disorder in the theoretical models. The
Eg (2), A1g (3) and Eg (4) modes shown in the theoretical Raman spectra cannot be observed in the
experimental spectra measured at room temperature, due to a low signal-to-noise ratio. However,
Raman spectra measured at low temperature allow for resolving a shoulder on the lower energy
side of the A1g (4) mode, which can be attributed to the A1g (3) mode.

Figure 10: Raman spectra and intensity of GST225 as a function of number of layers a, Stokes Raman spectra at RT of GST
grown on Si(111) with N ~21 (red curve), 7.5 (light blue curve), 3.5 (green curve), 3 (olive curve), 2 (brown curve), and 1
(black curve). The narrow mode at 49.7 cm-1 on the lower energy side of the A1g(1) mode is attributed to coherent antiStokes Raman scattering of air. b, Raman intensity of GST225 in bulk and thin-film geometries calculated with DFT
phonons and the bond polarizability model in the z(y,xy) – z scattering geometry. Modes at ultra-low frequencies
LBM/LSM become active as long as translational symmetry is broken along the c-axis and at least two lamellae are
present.

Figure 10a shows two different trends for low- and high-frequency Raman modes as a function of
thickness down to 2 lamellae. The weak signal for N ~1 is due to the reduced amount of material
and the smearing out of the modes resembles the spectrum of the disordered cubic phase
[Bragaglia, V., Holldack, K., Boschker, J.E., Arciprete, F., Zallo, E., Flissikowski, T., and Calarco, R.
(2016) Far-infrared and raman spectroscopy investigation of phonon modes in amorphous and
crystalline epitaxial GeTe-Sb2Te3 alloys, Sci. Rep., 6, 28560]. Despite the high-frequency modes Eg
(3), A1g (2), and A1g (4) are almost not affected by the film thickness, the low-frequency modes Eg
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(1) and A1g (1) show a clear shift. We define now the nomenclature EgB (1) and A1gB (1) for the lowfrequency modes in thin layers that evolve into the Eg (1) and A1g (1) bulk modes by increasing the
thickness.
The frequency evolution reported in Figure 11a for the measurement at 10 K (filled symbols)
shows that the Raman shift of both EgB (1) and A1gB (1) decrease by reducing the thickness. The
total shift for EgB (1) is ≈2 cm-1 between N ~21 (bulk-like) and N ~2 (1/N ~0.5) whereas the
decrease in intensity of A1gB (1) makes the mode tracing possible only down to 3 lamellae (see
Figure 10a) with a total shift of ≈1 cm-1. The theoretical calculations performed for bulk and N =1,
2, 3 confirm the experimental redshift between bulk and N =2 (1/N ~0.5) for EgB (1) of 2.5 cm-1
and a slightly larger value between bulk and N =3 (1/N ~0.3) for A1gB (1) of 2.6 cm-1. At the same
time, the maximum theoretical shift between bulk and N =1 for EgB (1) and A1gB (1) is ≈3.5 and
≈11.6 cm-1, respectively. The not perfect matching of the A1gB (1) for N ~3 (1/N ~0.3) with theory
can be explained by the compositional disorder due to the Ge depletion occurring in some areas
of the film that can affect the vibrational frequencies.
Useful insights on the frequency change in the EgB (1) and A1gB(1) modes can be seen in the
displacement patterns in Figure 11b. The low-frequency modes consist, respectively, of in-plane
and out-of-plane vibrations where the two edges of the lamella move in opposite direction and
modulate more the weaker interactions between the lamellae (interlamellar) than the stronger
ones within the lamella (intralamellar). The different behavior of the high-frequency modes with
thickness is attributed to the antiphase vibrations of the atoms near the edge of the lamella, which
reduce the overall effect. Interestingly, the sensitivity to the VDW gap of the Eg (1) and A1g (1)
allows for probing the layer thickness and analogies can be found, respectively, with the interlayer
shear (LSM) and breathing (LBM) modes in 2D materials. In fact, LSMs and LBMs are also present
in bulk GST225 but they are not Raman-active, being zone-boundary modes in the primitive
trigonal cell. Nonetheless, the breaking of the lattice translational symmetry due to finite thickness
along the c-axis activates these modes in the Raman spectrum at EgB (1) = 7.1 and 10 cm-1, and
A1gB (1) = 9.3 and 13.9 cm-1 for the N = 3 (1/N ~0.3) and N = 2 (1/N ~0.5) case, respectively (see
the gray area in Figure 10b).
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Figure 11: Raman shift of low-frequency modes of as-grown GST225 as a function of inverse number of layers. a), Mode
positions for EgB (1) mode (filled black squares) and A1gB (1) (filled red circles) that evolve into the Eg (1) and A1g (1) bulk
modes, respectively, as a function of inverse number of lamellae (see Table S 1 for the full dataset). The corresponding
theoretical DFT frequencies at 0 K are shown by open symbols. The continuous and dashed lines are polynomial fits. The
dotted line is a guide to the eye. b) Displacement patterns for the Eg (1) and A1g (1) modes in the bulk.

The analysis reported for GST225 has been repeated for a different composition of the alloy that
was obtained by a rapid annealing the GST225 series at 300°C for 30 min in N2 atmosphere. This
results in the formation of GST124 for the bulk-like sample, which has a lower formation energy
than GST225, as confirmed by the average block size of 1.4 Å (N ~23.5).
The

irreducible

representation

of

phonons

at

the

G-point

for

GST124

bulk

is

G=3EgÅ3A1gÅ3EuÅ3A2uÅEuTÅA2uT and five active modes are visible in the spectrum at RT (red
curve), namely Eg (1) and A1g (2) at 36.5 cm-1 and 55.6 cm-1 (low frequency), respectively, and
A1g (2), Eg (3) and A1g (3) at 106.7 cm-1, 112.5 cm-1 and 173.5 cm-1 (high frequency), respectively.
The Raman spectrum for bulk GST124 reported in Figure 12a is very similar to the GST225
spectrum but it is characterized by sharper modes, especially in the low-frequency region.
Furthermore, new features appear for N ~3.5 at 46.3 cm-1, 69.5 cm-1 and 113 cm-1. These modes
correspond to the Eg (1), A1g (1) and Eg (2) Raman modes for bulk Sb2Te3, respectively. By
decreasing the thickness down to N ~1, the Sb2Te3 features become even more pronounced in the
overall spectrum with the redshift of the high-frequency mode to 169.7 cm-1 at N ~3,
corresponding to the A1g (2) mode in Sb2Te3.
In Figure 12b, the mode positions from the theoretical calculations of GST124 in bulk and in thin
layers with N =1,2,3 show softening with a total shift between bulk and N =1 for EgB (1) and A1gB
(1) of ≈4 cm-1 and ≈11.6 cm-1, respectively. The comparison with the fits for the experimental and
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theoretical data shows a good agreement down to N = 3.5 (1/N = 0.28), where the Sb2Te3 signature
becomes visible.

Figure 12: Raman spectra of GST225 after RTA annealing as a function of number of layers. a, Stokes Raman spectra at RT
after annealing of GST grown on Si(111) with N ~23.5 (red), 7 (light blue), 3.5 (green), 3 (olive), 2 (brown), 1 (black)
lamellae. b, Mode positions for EgB (1) mode (filled black squares) and A1gB (1) (filled red circles) that evolve into the Eg
(1) and A1g (1) bulk modes, respectively, as a function of inverse number of lamellae. The corresponding theoretical DFT
frequencies at 0 K are shown by open symbols. The continuous and dashed lines are polynomial fits.

3 Raman spectra of (GaSb)4Sb2Te3 compound
Partner UMB has computed the Raman spectrum of the (GaSb)4Sb2Te3 compound whose
structural and electronic properties have been reported in deliverable D4.1. The (GaSb)4Sb2Te3
compound might be found at the interface in the GaSb/Sb2Te3 heterostructures grown at UGRO.
As discussed in D4.1, the screening of different possible structures on the basis of a genetic
algorithm yielded two crystal geometries at low energy where all atoms are in octahedral-like
configurations (structures A and B, with A the ground state). However, a third structure (structure
C) was found to be competitive with structures A and B. In structure C, all Ga atoms and part of Sb
atoms are in a tetrahedral-like configurations.
Although the electronic DOS is different for these structures as shown in deliverable D4.1, their
discrimination on the basis of their electronic conductivity might be impractical. As a matter of
fact, we expect the Fermi level to shift considerably in the real system due to defects in
stoichiometry with respect to the ideal structures considered here as occurs for instance in GST
alloys.
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On the other hand, the different local atomic coordination in structures A-C is expected to give rise
to different vibrational spectra which could be detected by Raman spectroscopy. To address this
issue, we have computed the Raman spectra for the structures A-C from DFT phonons and the
Bond Polarizability Model (BPM). For GaSbTe we used a simplified BPM with just a single set of
parameters equal for all types of bonds corresponding to those of the Sb-Te (long) bond for GST
fitted in our previous work. The resulting Raman spectra are thus not expected to provide reliable
Raman intensities, but they can be used anyway to highlight the main spectroscopic features and
their dependence on the crystal structure.
The Raman spectra for non-polarized light in backscattering geometry for a polycrystalline sample
is shown in Figure 13 for structures A-C.
In structure A the most active Raman peaks due to the vibration of all the atoms but Te atoms in
the central plane of the Ga4Te3 block (see D4.1). In structure B instead, the most Raman active
phonons are due to the vibration of all the atoms but Ga atoms in the central plane of the Ga3Te2
unit (see D4.1).
In both structure A and B there are no modes above 166 cm-1. On the contrary, Raman spectrum
of structure C displays peaks above 250 cm-1 which are due to stretching modes of the Ga-Ga dimer
and peaks in the range 200-230 cm-1 which are due to stretching modes of the Ga-Sb bonds with
Ga in tetrahedral configurations. Indeed, the Raman spectrum of bulk GaSb shows two peaks at
226 and 220 cm-1.
Detailed information on the phonons of the different structures is reported in a paper already
published [D. Baratella, D. Dragoni, D. Ceresoli, and M. Bernasconi, Physica Status Solidi RRL,
2000382 (2020). DOI: 10.1002/pssr.202000382].
In conclusion, the Ga-Ga dimers and Ga-Sb and Ga-Te bonds in a tetrahedral geometry give rise to
different vibrational features that would allow Raman spectroscopy to discriminate among the
different possible structures we proposed.
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Figure 13: Raman spectra from DFT phonons and a simplified Bond-Polarizability-Model for structures A-C of Ga4Sb6Te3.
The spectra are computed for non-polarized light in backscattering geometry for a polycrystalline sample. The phonon
frequencies are smeared with Lorentzian functions either 4 or 0.1 cm-1 wide.

4 Comparison of samples produced by different partners
In this section, we compare Sb2Te3 and GST samples with various composition and texture,
produced by PDI, UGRO and URTOV using different deposition techniques. The goal of this work
is to study the vibrational Raman modes of the samples in terms of the position and shift in
wavenumber of the modes as a function of the sample texture and thermal treatment, in order to
have a qualitative estimation of the material structure, alloy composition, and thermal stability.
We used Lorentzian curves to fit the experimental Raman modes and Si as a reference material.

4.1 Comparison of Sb2Te3 samples
In particular, we want to compare amorphous and textured Sb2Te3 samples grown on amorphous
substrates by pulsed laser deposition (PLD) at UGRO carried out by Daniel T. Yimam (B. J. Kooi
group), and by physical vapor deposition (PVD) at URTOV performed by A. Diaz Fattorini and E.
Placidi (F. Arciprete group). We remind that polycrystalline structure with a preferential growth
direction is defined as textured. While the Sb2Te3 has a defined texture along the crystalline plane
(111), the GST sample has a random texture because of the isotropic nucleation of its structure,
but if the growing substrate or wafer is crystalline, then the GST will exhibit a defined texture with
high crystallinity.
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Figure 14 shows the Raman spectra of amorphous and textured Sb2Te3 (UGRO), and amorphous
Sb2Te3 (UTV). The UGRO amorphous sample shows a band at 67 cm-1, which is related to the mode
A1g(1), while the band at 120 cm-1, is related to the mode Eg(2) [Bragaglia V, Holldack K, Boschker
J E, Arciprete F, Zallo E, Flissikowski T and Calarco R 2016 Sci. Rep. 6 28560]. The modes at 96 cm1 and 138 cm-1 are related to a Te excess dissociated from the alloy [Di Biagio F, Cecchi S, Arciprete

F and Calarco R 2019 Phys. Status Solidi 13 1800632]. We associate the textured sample (UGRO)
Raman peaks at 69 cm-1, 112 cm-1, and 166 cm-1 to the modes A1g(1), Eg(2), and A1g(2),
respectively. These modes are typical of the crystalline Sb2Te3 [Cecchi S, Zallo E, Momand J, Wang
R, Kooi B J, Verheijen M A and Calarco R 2017 APL Mater. 5 026107]. Finally, the amorphous
sample (URTOV) shows the same Raman peaks of the amorphous sample (UGRO) confirming its
amorphous phase and the presence of a Te excess in both samples though arising from different
deposition techniques. In conclusion, the two Sb2Te3 amorphous samples grown by PVD and PLD
show no substantial differences.

Figure 14: Comparison between the Raman spectra of Sb2Te3 amorphous and textured samples (UGRO), and amorphous
(URTOV) samples.

4.2 Comparison of GST225 samples
In this subsection we compare the Raman spectra of amorphous and textured GST225 samples
grown at UGRO and URTOV. In Figure 15, the Raman spectrum of the GST225 amorphous sample
(UGRO) is shown. It is possible to observe the bands at 123 cm-1 and 155 cm-1, proper of the mode
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A1 of the amorphous GST [Bragaglia V, Holldack K, Boschker J E, Arciprete F, Zallo E, Flissikowski
T and Calarco R 2016 GeTe-Sb2Te3 Alloys Sci. Rep. 6 28560]. The peak at 141 cm-1 could be due
to a partial segregation of Te on the sample surface [Bragaglia V, Arciprete F, Calarco R and Mio A
M 2018 J. Appl. Phys. 123 215304].

Figure 15: left, Raman spectra of GST225 UGRO amorphous. Right, Raman spectra of GST225 UGRO textured.

Figure 15 shows the Raman spectrum of the GST225 textured sample (URGO). Comparing the
spectra reported in Figure 15 left and right, it is possible to observe that the Raman spectra of the
amorphous and textured GST225 samples are not so different, as in the case of the binary Sb2Te3
alloy.
In Figure 15, we can observe the bands at 123 cm-1 and 142 cm-1 for both the two phases.
Furthermore, in the crystalline sample a shoulder at 168 cm-1 is visible, which indicates a partial
crystallization of GST in the most stable trigonal phase, as the mode can be ascribed to the van der
Waals gap among the Te layers [Bragaglia V, Arciprete F, Calarco R and Mio A M 2018 J. Appl. Phys.
123 215304].
In Figure 16, the Raman spectra of the samples (URTOV) and the GST225 textured sample (URGO)
are shown. We can observe that the spectrum of the GST225 textured sample (UGRO) is similar to
the GST225 sample (UTV). We also report the GST224 sample (URTOV) for completeness. The
composition of GST224 was evaluated by XPS analysis. However, by Raman we observe a rather
different spectrum than the GST225 although only a slight Te deficiency occurred.
The GST225 sample grown by PVD at URTOV shows a Raman spectrum very similar to the
textured sample with the same composition grown by PLD at UGRO, therefore leading us to
conclude that such sample is also textured. Such Raman investigation is very rapid and give a
feedback in minutes to the grower, while the XPS acquisition and accurate analysis of data requires
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several days. Thus, we can use Raman as a routine tool to quickly investigate samples to compare
each other.

Figure 16: Comparison of Raman spectra of GST225 UGRO textured with the samples from UTV.

4.3 Comparison of Ge-rich GST523 samples
In this subsection we show the comparison between Ge-rich samples GST523 grown by molecular
beam epitaxy (MBE) at PDI by E. Zallo and by PVD at URTOV. Figure 17 shows the Raman spectra
of the samples GST523 grown at URTOV and PDI (M60140) together with a GeTe reference sample
grown at URTOV. The Raman band positions for the crystalline GeTe are reported as reference. In
particular the bands at 130 cm-1 e 164 cm-1 are related to the Ge modes with the defective
octahedral structure [Di Biagio F. 2018 MsC Thesis (Università degli studi di Roma “Tor Vergata”)].

Figure 17: Comparison of Raman spectra of GST523 (UTV_007 grown at URTOV and M60140 grown at PDI), with a GeTe
compound (UTV_006), all samples are grown nominally amorphous.
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In Figure 17, it is possible to observe that the sample UTV_006 exhibits two Raman bands at 127
cm-1 and 160 cm-1, ascribed to the Ge modes. The band at 226 cm-1 can be related to the stretching
of the Ge-Ge bond in the tetrahedral structure. Furthermore, a less intense band at 70 cm-1 is
visible.
For the M60140 sample, we relate the bands at 155 cm-1 and 216 cm-1 to the same bands of the
sample UTV_006. Moreover, we associate the peak at 80 cm-1 to the crystallization of a GeTe
fraction in the M60140 sample. This band at 80 cm-1 of the M60140 corresponds to the defective
octahedral structure of crystalline GeTe [Di Biagio F 2018 MsC Thesis (Universita’ degli studi di
Roma “Tor Vergata”)]. A band at 107 cm-1 represents the main difference with the sample
UTV_006. This is related to the mode Eg and indicates a partial crystallization of the GST [Bragaglia
V, Holldack K, Boschker J E, Arciprete F, Zallo E, Flissikowski Sci. Rep. 6 28560].
In the UTV_007 sample, the bands at 107 cm-1, 152 cm-1 e 216 cm-1 correspond to those of the
sample M60140. The main difference is the lack of the band at 80 cm-1, which indicates that the
sample does not show a partial crystallization of GeTe. However, the peak at 69 cm-1 of the same
sample relates to the mode A1g(1) proper of the Sb2Te3 [Bragaglia V, Holldack K, Boschker J E,
Arciprete F, Zallo E, Flissikowski Sci. Rep. 6 28560].
The theoretical Raman spectrum of the Ge-rich GST523 alloy in the amorphous phase was
computed by partner UMB.

Moreover, other compositions that might result from the

decomposition of GST523 during the set process were also considered. As reported in deliverable
4.1, DFT calculations have shown that GST523 could decompose during crystallization into
crystalline Ge and less Ge-rich alloys such us GST423, GST323 and GST221. Amorphous models
of these alloys, 216-atom large, were generated by quenching from the melt in DFT molecular
dynamics as described in D4.1. The theoretical Raman spectra of these models are collected in
Figure 18. The Raman spectrum of the experimental sample reported in Figure 17 seems more
similar to the theoretical spectrum of GST323 than to the spectrum of GST523. We cannot exclude
that this inconsistency could arise from a limited transferability of the parameters of the BPM used
in the theoretical calculations as these parameters were obtained by fitting DFT spectra of GST
models with a lower Ge content. However, the possibility that the experimental samples with
nominal composition GST523 might actually be less Ge-rich should be investigated further.
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Figure 18: Theoretical Raman spectra of amorphous GST523, GST423, GST323, and GST221.

As shown in the paper by Di Biagio et al., [Di Biagio et al., PSS RRL 13, 1800632 (2019).] the Raman
spectra of a-GST films show very clear changes with the alloy composition. Moreover, Raman
spectroscopy in combination with XRD is very powerful to follow the crystallization properties as
function of different annealing conditions. In particular, the crystallization onset can be identified,
along with segregation phenomena. In fact, these are well known to affect Ge-rich alloys.
In deliverable D2.1 (Section 3.1.2) we already presented two examples of annealing studies
performed on Ge-rich a-GST alloys grown in the amorphous phase by MBE at PDI. In Figure 19 the
Raman spectra of a-GST225 with intentional excess of Ge are shown. There is a clear effect of the
increasing excess of Ge on the Raman spectra. (i) We record a decrease of the intensity of the peaks
at ≈121 cm-1 and ≈152 cm-1, assigned to vibrations of Sb–Te bonds in defective octahedra. [Sosso
et al., Phys. Rev. B 83, 134201 (2011).] (ii) Correspondingly, the intensity of the broad feature at
≈152 cm-1, ascribed to Ge–Ge antisymmetric stretching in tetrahedra, [Mazzarello, Phys. Rev. Lett.
104, 085503 (2010).] increases. (iii) A sharp mode at ≈105 cm-1 and a broad feature at ≈270cm-1
can be seen in the spectrum of GST725.
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Figure 19: Raman spectra measured at room temperature of a-GST films deposited on Si(111).

5 Crystallization of amorphous samples Ge-rich GST and heterostructures
All the samples investigated in this section are GST thin films, PVD-grown by LETI, deposited on a
Si substrate, and capped by a 40-nm GeN layer. In the following the list of all samples is given:
•

P20 – Bulk, GST225, 50 nm thick.

•

P21 – Bulk, GST523, 50 nm thick.

•

P22 – Heterostructure, GST225/GST523, 45 nm thick (30 alternating layers, 1.5 nm thick).

•

P23 – Heterostructure, GST225/GST523, 48 nm thick (16 alternating layers, 3 nm thick).

•

P24 – Heterostructure, GST225/GST523, 45 nm thick (10 alternating layers, 4.5 nm thick).

•

P25 – Heterostructure, GST225/GST523, 40 nm thick (4 alternating layers, 10 nm thick).

Every sample was cut in several subsamples, which have been annealed at different temperatures.
Each subsample was annealed for 10 min in a preheated oven at the target temperature. As shown
in Figure 20, the crystallization temperature range was estimated for each sample, by studying the
Raman shift of the c-Ge mode (i.e. the mode arising from the crystallization of bulk Ge, typical for
Ge segregation in GST523 during crystallization) as a function of the annealing temperature. In
particular, we report the following crystallization temperature intervals:
•

P20: 150 – 200 °C

•

P21: 350 – 400 °C

•

P22: 350 – 400 °C

•

P23: 350 – 400 °C

•

P24: 300 – 350 °C

•

P25: 300 – 350 °C
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Figure 20: Crystallization temperature range for each sample.

The crystallization of bulk GST225 has been already presented in D3.2 Figure 20, and will not be
further reported here.

5.1 Crystallization of amorphous bulk GST523
In Figure 21, the Raman spectra of the P21 sample (Bulk, GST523, 50 nm thick) are shown. In
contrast to GST225, four main bands can be observed at 86 cm-1, 149 cm-1, 270 cm-1, and 295 cm1.

The first two bands can be ascribed as the convolution of six GST523 modes at 78 cm-1, 92 cm-

1,

106 cm-1, 128 cm-1, 145 cm-1, and 159 cm-1 [Figure 22 (left)], while the second two bands to the

amorphous Ge (a-Ge=270 cm-1), the nanocrystalline Ge (nc-Ge=283 cm-1), and crystalline Ge (cGe=295 cm-1) modes [Figure 22 (right)]. Also, the intensity of the second band increases relatively
to the first along with the temperature rise. At a temperature of about 400 °C a sharp c-Ge mode
can be observed at 295 cm-1, meaning that the sample reached the full crystalline state.
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Figure 21: Raman spectra of the P21 sample at different annealing temperatures.

Figure 22: Fit of the GST523 bands (left) and Ge bands (right) for the P21 sample at 400 °C.

Theoretical Raman spectra of possible products of the crystallization process of GST523 were
obtained by partner UMB. Several decomposition pathways of GST523 into crystalline Ge and less
Ge-rich GST alloys are possible, as discussed in deliverable D4.1 on the basis of DFT reaction
energies. According to DFT calculations, the most probable results of the crystallization of GST523
are GST221 and to a lesser extent GST323 alloys plus GeTe and Ge. The theoretical Raman spectra
of GST423, GST323 and GST221 models 216-atom models of the cubic rocksalt crystals are
compared in Figure 23. The experimental Raman spectrum of the crystallized GST523 film in

D3.3

p. 27 of 32

BeforeHand – 824957
Figure 22 (left) is more similar to the theoretical spectrum of crystalline GST221 which seems to
confirm the outcome of the thermochemical calculations reported in deliverable 4.1.
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Figure 23: Theoretical Raman spectra of the crystalline cubic phase of GST423, GST323 and GST221.

Furthermore, we mention that the calculation of the phonon density of states of the amorphous
and crystalline phases of these Ge-rich alloys allowed us to compute the vibrational contribution
to the reaction free energy for the decomposition pathways of GST523 discussed in D4.1. It turns
out that the vibrational contribution to the reaction free energy is actually very small and always
below 1 meV/atom which confirm the conclusions drawn in D4.1.
Phonon density of states (DOS) and their projections on different types of atoms are reported in
Figure 24 for the cubic crystalline phase and the amorphous phase of Ge-rich GST alloys at
different compositions.
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Figure 24: Theoretical phonon Density of States (DOS) and their projection on different types of atoms for GST523,
GST423, GST323 and GST221 in the cubic crystalline (left) and amorphous (right) phases.
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5.2 Crystallization of amorphous GST225/GST523 heterostructures
In Figure 25, the Raman spectra of the as grown and annealed at different temperatures P22
sample (Heterostructure, GST225/GST223, 45 nm thick, 30 alternating layers 1.5 nm thick) are
shown. The spectra exhibit common features with the P20 and P21 samples. Five bands can be
distinguished up to 250 °C at 81 cm-1, 107 cm-1, 150 cm-1, 278 cm-1, and 295 cm-1. The first three
bands can be ascribed as the convolution of modes 81 cm-1, 99 cm-1, 115 cm-1, 132 cm-1, 152 cm-1,
and 165 cm-1 [Figure 26 (left)], while the second two bands to a-Ge=278 cm-1 and c-Ge=295 cm-1
modes [Figure 26 (right)]. At a temperature of about 400 °C a c-Ge mode can be observed at 295
cm-1, meaning that the sample reached the full segregation in the crystalline state.

Figure 25: Raman spectra of the P22 sample at different annealing temperatures.

Figure 26: Fit of the GST bands and Ge bands (right) for the P22 sample at 400 °C.

By a more detailed analysis shown in Figure 27, where the P22 sample was annealed at 2-5 °C/min
steps by a thermal chuck placed inside the Raman spectrometer, and then measured at a given
temperature, it is possible to observe that the crystallization temperature is around 340° C.
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Figure 27: Raman spectra of the P22 sample annealed in situ at different temperatures (left) and temperature profile
(right).

The Raman spectra of the P23 sample (Heterostructure, GST225/GST223, 48 nm thick,16
alternating layers, 3 nm thick) shown in Figure 28 are very similar to the spectra of the P22
sample. Five bands can be distinguished up to 300 °C at 79 cm-1, 107 cm-1, 150 cm-1, 273 cm-1, and
295 cm-1. At a temperature of about 400 °C a c-Ge mode can be observed at 295 cm-1, meaning that
the sample reached the full crystalline state.

Figure 28: Raman spectra of the P23 sample at different annealing temperatures.

The Raman spectra of the P24 sample (Heterostructure, GST225/GST223, 45 nm thick, 10
alternating layers, 4.5 nm thick) shown in Figure 29 are very similar to the spectra of the P22 and
P23 samples. Five bands can be distinguished up to 300 °C at 82 cm-1, 104 cm-1, 153 cm-1, 284 cmD3.3
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1,

and 295 cm-1. At a temperature of about 350 °C a c-Ge mode can be observed at 295 cm-1,

meaning that the sample reached the full crystalline state.
The Raman spectra of the P25 sample (Heterostructure, GST225/GST223, 40 nm thick,4
alternating layers, 10 nm thick) shown in Figure 30 are very similar to the spectra of the P22, P23,
and P24 samples. Five bands can be distinguished up to 300 °C at 79 cm-1, 101 cm-1, 150 cm-1, 278
cm-1, and 295 cm-1. At a temperature of about 350 °C a c-Ge mode can be observed at 295 cm-1,
meaning that the sample reached the full crystalline state.

Figure 29: Raman spectra of the P24 sample at different annealing temperatures.

Figure 30: Raman spectra of the P25 sample at different annealing temperatures.

We observe that though the crystallization temperature of the heterostructures is lower that the
GST523 bulk case the values obtained are still within the requirements for automotive
applications. Furthermore, we observe an apparent reduction of the c-Ge peak in heterostructures
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if compared to bulk. However, as Raman quantitative element analysis is rather difficult such
apparent reduction to be correlated with a lower material segregation should be supported by
XRD measurements ongoing. Nevertheless, preliminary data presented during the mid-term
review meeting showed through TEM measurements that the heterostructures after
crystallization show sharp interfaces and probably less segregation.

6 Conclusions
In this deliverable we showed several examples of the use of Raman spectroscopy, which routinely
accompanies the growth experiments. In particular, special emphasis was dedicated to the
analysis of epitaxial samples performed at PDI. The information enclosed in these data is
complementary to XRD characterization. Such technique allowed also to quickly compare samples
produced by the different units of the project PDI, URTOV and UGRO allowing to set internal
project Raman standards. Raman allows also performing crystallization onset and segregation
studies, particularly relevant for Ge-rich alloys and heterostructures as targeted in the framework
of BeforeHand project. Very relevant is the support by the theoretical group, that with their
calculation of Raman spectra of GST alloys never reported before in literature. Ultimately, this
activity is strongly linked to those of other units in the consortium (XRD, STEM, electrical
characterization, XPS), promoting strong interaction which is beneficial for the project.
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