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1

Introduction

The present document is the fourth Deliverable generated by the WP2 “Material development”
and it is focused on the crystallization study of the amorphous films deposited exploiting different
analysis techniques, some of which can directly follow the thermal annealing of the
films/heterostructures as a function of time or temperature. The data presented report on the
thermal stabilities of the amorphous materials, correlating the results obtained from the films and
the heterostructures; the focus is mainly on task 2.2 of WP2.
Various results related to the crystallization of thin flim and heterostructures have already been
presented to support experiments, also within other work packages. Therefore the present
deliverable is a completion of the results presented in D2.3, D3.5, D4.1, D4.2.

2

Crystallization study of films

2.1 Ge-rich Sb2Te3 and Ge-rich Ge2Sb2Te5 films by MBE
In order to assess the relationship between amorphous stability and alloy composition of Ge-rich
GST compounds, we investigated three alloys with composition in the regions of the ternary phase
diagram shown in Figure 1 [1]. We do not disclose here the exact compositions, as it might be
subject to patent. The structure, formed phases and electrical properties during crystallization
were investigated as a function of annealing temperature (preliminary analysis was shown in
deliverables D2.1 and D3.5). The experimental observations have been corroborated by DFT
calculations (described in deliverable D4.1), which allow for the identification of the possible
decomposition pathways during crystallization and therefore suggest some viable routes to limit
the Ge segregation.
As shown in Figure 1, the studied compositions are Ge-rich Sb2Te3 with a high amount of Ge (>40
at %), which will be indicated in the following as H-Ge-ST; Ge-rich GST225, with a low (<40 at %)
or high amount of Ge, which will be indicated in the following as L-Ge-GST and H-Ge-GST,
respectively. In deliverable D2.3 (Section 3.1.1), the Ge-rich GST225 alloys were indicated as
sample A and sample B, respectively. In particular, we focus on the comparison of the two GST
alloys richer in Ge, as these are characterized by higher crystallization temperatures. The
following analysis is based on X-ray diffraction (XRD), temperature-dependent resistance
measurements, scanning transmission electron microscopy (STEM) and electron energy loss
spectroscopy (EELS). The electron microscopy measurements have been performed within the
ESTEEM3 project (proposal EPIGEO - ID:99).

Figure 1: Compositions studied in this work. Figure adapted from Ref. [1]
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Figure 2 shows the XRD ω-2θ scans acquired after different annealing steps at increasing
temperature for H-Ge-ST and H-Ge-GST, respectively. The sharp peaks at ≈2, 4, and 6 Å−1
correspond to the 111, 222, and 333 Bragg reflections of the Si substrate. In both alloys, a GST
phase with rocksalt structure is formed at low annealing temperatures (see peaks at ≈1.83, 3.66,
5.49 Å−1), whilst higher temperatures are required to observe the crystallization of segregated
germanium (peaks at ≈1.93 and 5.79 Å−1 for 111 and 333 Bragg reflections, respectively). Although
the two alloys have equal Ge content, the temperature at which crystallization occurs is different.
In particular, in H-Ge-ST, the onset of crystallization of the GST rocksalt phase occurs at 140 °C,
and the segregated Ge crystallizes at about 180 °C. For H-Ge-GST, crystallization shifts to higher
temperatures, with the formation of rocksalt GST between 180 and 210 °C (crystallization onset
still at 140 °C) and the Ge crystallization at 270 °C, respectively. In addition, we notice the intensity
ratio between GST and Ge peaks in the two samples after crystallization, which qualitatively
suggests their different tendency to decompose. The weak peak at ≈3.38 Å−1 that appears for HGe-ST at 210 °C may be attributed to segregated Sb, as confirmed by STEM and EELS analysis (see
afterward). Therefore, these data already suggest the higher stability of H-Ge-GST with respect to
H-Ge-ST. XRD data of sample L-Ge-GST, upon annealing up to 300°C, indicate the presence of a
single GST phase and no Ge segregation.

Figure 2: XRD ω-2θ scans as a function of annealing temperature for (a) H-Ge-ST (Ge-rich Sb2Te3), and (b) H-Ge-GST (Gerich Ge2Sb2Te5). Figure taken from Ref. [1]

Figure 3 (a) shows the resistivity versus annealing temperature as measured in situ after 3 min
isothermal annealing for all the studied compositions. The resistivity of the as-grown amorphous
phase increases as the Ge content increases, and the highest value is measured for H-Ge-GST. For
the composition with lower Ge amount (L-Ge-GST), the temperature dependence of the resistivity
of the amorphous phase corresponds to an activation energy of 0.45 eV, which is a value typical of
amorphous Ge2Sb2Te5 (GST225). At about 160 °C, the resistivity sharply decreases due to the film
crystallization. Hence, consistently with previous studies, the crystallization temperature is higher
with respect to a reference GST225. The resistance variation from amorphous to crystalline phase
for L-Ge-GST is about four orders of magnitude.
For higher Ge content, the activation energy for the conductivity of the amorphous phase is slightly
lower than that for GST225 and decreases as the Ge/Sb ratio decreases, as shown by black symbols
in Figure 3(b). Interestingly, at about 130 °C, the dependence of the resistivity versus temperature
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further reduces (see dashed line) and, as a consequence, the resistivity remains above 1 Ω cm up
to 230 °C. The activation energies for amorphous conductivity obtained in the range 130–200 °C
are shown in Figure 3(b) as blue symbols. In this case, the activation energy increases with the
Ge/Sb ratio. These observations indicate that (i) up to 230 °C, the electrical conduction properties
of H-Ge-GST and H-Ge-ST are mainly determined by the conductivity of the amorphous matrix; (ii)
still, modifications of its composition are occurring, contextually to the nucleation of the GST
crystallites, and such a process is more noticeable in H-Ge-ST. Finally, from the first derivative of
the resistivity versus temperature, the effective crystallization temperature of the films has been
evaluated as the temperature at which the derivative exhibits a minimum. It is worth noting that
in the case of alloys in which different phases are formed upon annealing, as observed by XRD for
H-Ge-GST and H-Ge-ST samples, the crystallization temperature obtained from the electrical
measurements does not correspond to the crystallization of one single phase. Instead, it
represents an effective value corresponding to the temperature at which a percolation path
between regions with low resistance may be established. The results reported in Figure 3(c)
clearly indicate that the effective crystallization temperature is dominated by the Ge amount. The
two alloys with equal high Ge content, H-Ge-ST and H-Ge-GST, exhibit the same effective
crystallization temperature within errors.
In the case of the alloys with higher Ge content, we also observe that the resistance contrast
between the amorphous and the crystalline phases is about two orders of magnitude (see Figure
3(a)). This value, lower than that of GST225 and L-Ge-GST, is still enough to ensure distinguishing
between two logic states. However, we note that in these samples, the saturation of the low
resistance value is not reached up to 300 °C. Due to limitations of the employed experimental
apparatus, in situ annealing at temperatures above 300 °C could not be performed. Therefore,
upon complete crystallization, the resistance contrast is expected to be larger than two orders of
magnitude.

Figure 3: (a) Resistivity as a function of temperature for the studied compositions. (b) Activation energy for conductivity
in the amorphous phase as a function of the ratio between Ge and Sb. (c) Crystallization temperature as obtained from
the first derivative of the resistivity versus temperature as a function of Ge content. Figure taken from Ref. [1].
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In order to get more insight in particular on the microstructure of the crystallized films, we have
performed STEM and EELS analyses of the two alloys with higher Ge content. Figure 4(a) shows
an STEM micrograph of the H-Ge-ST film on SiO2 (uncapped) after annealing in the same setup
used for electrical measurements at 180 °C for 30 min. The sample has been prepared aiming to
investigate the modifications of the amorphous phase composition occurring at temperatures in
the range 130–230 °C, as suggested by the electrical characterization. The upper part of the film
shows several crystalline regions, whilst the bottom part is still mainly amorphous. The formation
of a thin GeO layer at the film surface is also observed, suggesting that Ge oxidation may facilitate
the crystallization of the underlying film, since it remains less rich in Ge. Figure 4(b) shows the
elemental maps obtained by EELS spectra acquired in each pixel in spectrum imaging (SI) mode.
The elemental analysis shows the GeO topmost layer, appearing bright in the Ge map. In the same
Ge map, the dark layer below the oxide is a crystalline region in which Ge is heavily depleted and
Sb and Te correspondently exhibit higher concentrations. The crystalline regions, which form
below the Ge-depleted region, contain fewer Ge atoms. On the contrary, a higher Ge concentration
is observed in the residual amorphous regions at the bottom of the film. This indicates that Ge
atoms move (i) toward the surface, where they are oxidized, leaving regions depleted of Ge below
the surface oxide; and (ii) toward the bottom of the film, enriching the amorphous fraction.
Therefore, in the uncapped film, the Ge-depleted region may crystallize at lower temperatures,
favoring the further crystallization of GST.

Figure 4: (a) STEM micrograph of the film H-Ge-ST after annealing in air at 180 °C. The crystallized (Cry) region is indicated
in the figure. (b) Ge, Sb, and Te elemental maps obtained by EELS spectra acquired in SI mode. The intensity of the signal
corresponding to the regions of Ge, Sb, and Te in the EELS spectra is reported in false colors. Figure taken from Ref. [1]

This experiment provided evidence of the formation of less Ge-rich crystalline grains, in this case
heterogeneously nucleating underneath the Ge-depleted region, which is compatible with the
crystallization observed in the XRD data at temperatures below 180 °C. Despite such evolution of
the film microstructure, the results of the electrical measurements indicate that the electrical
resistivity of the film remains very high up to 270 °C, while we record a change in the activation
energy for the conductivity of the amorphous phase. This is because the crystalline grains, having
lower Ge concentration, in order to grow expel the excess Ge, which therefore accumulates in the
residual amorphous regions. Therefore, the amorphous fraction is expected to become richer and
richer in Ge as the annealing temperature increases and the less Ge-rich crystalline grains grow.
Still, as far as the crystalline grains are embedded into an amorphous matrix, and no percolation
path is available, the electrical properties of the material are dominated by the part of the film
which is still not crystallized. Ultimately, the change of activation energy highlighted in Figure 3(a)
can be explained by considering the Ge enrichment of the amorphous matrix.
Figure 5(a) shows an STEM micrograph of the same H-Ge-ST uncapped film on SiO2 after annealing
up to 300 °C for 30 min. The bottom part of the film is still partially amorphous. The higher contrast
of some grains in Figure 5(a) is due to their alignment to the zone axis. By merging the elemental
maps obtained by EELS, we extracted a ternary GST phase diagram, as shown in Figure 5(b), and
the corresponding stoichiometric map (Figure 5(c)). In the stoichiometric map of Figure 5(c),
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regions with composition within a given range are plotted with the same color. The compositional
ranges are shown in Figure 5(b) (dashed rectangles). The crystalline grains observed below the
surface oxide have mainly a composition close to GeTe, with some Sb amount (yellow regions),
whilst the bottom part of the film has a Ge-rich Sb2Te3 composition, as shown in green, with a
higher Ge amount than that in the as-grown sample. Some regions, reported in red, have an Sb rich
composition, which indicates that Sb tends to accumulate at the grain boundaries or in defective
regions.

Figure 5: (a) STEM image of H-Ge-ST film on SiO2 after annealing at 300 °C. (b) Ternary GeSbTe diagram built by merging
the atomic maps distribution obtained by EELS spectra acquired in SI mode. (c) Stoichiometric map extracted from the
ternary diagram. Ge-rich, Sb-rich, GeTe-rich, and Ge-rich Sb2Te3 regions are marked in blue, red, yellow, and green,
respectively. Figure taken from Ref. [1].

Figure 6(a) shows the STEM micrograph of the H-Ge-GST film deposited on Si(111) and annealed
up to 330 °C for XRD characterization. For this sample, we recall that a ZnS:SiO 2 layer was
deposited by in situ sputtering to prevent the oxidation during the annealing study. First, it is
relevant to evaluate the overall crystallization status of the film. After the seven annealing steps
from 140 to 330 °C, the material is completely crystalline, confirming our interpretation of the
electrical measurements. Then, the ternary GST phase diagram extracted from the EELS elemental
maps is reported in Figure 6(b), and the distribution of the phases is shown in Figure 6(c). The
largest part of the film crystallizes preferentially with a composition of Ge3+xSb2Te6 (shown in light
blue), which is close to the GeTe-Sb2Te3 pseudobinary line (reported in Figure 6b as black dashed
line). Ge-rich regions (in blue) and with stoichiometry close to GeTe (in yellow) are also observed.

Figure 6: (a) STEM micrograph of H-Ge-GST on Si(111) after annealing at 330 °C. (b) Ternary GeSbTe diagram built by
merging the atomic maps distribution obtained by EELS spectra acquired in SI mode. (c) Stoichiometric map extracted
from the ternary diagram. Ge-rich, GeTe-rich, and Ge3+xSb2Te6 regions are marked in blue, yellow, and light blue,
respectively. Figure taken from Ref. [1].

The Raman spectroscopy characterization upon annealing of the Ge-rich GST films fabricated by
MBE is shown in Figure 7 for sample A (left panel) and sample B (right panel), respectively. Details
on the samples are reported in deliverable D2.3 (section 3.1.1).
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The spectrum of as-grown sample A is very similar to that of Ge-poor alloys. Changes in the
spectrum are recorded starting at 180 °C. However, as also for sample B, the crystallization onset
of sample A is found by XRD at 140 °C (not shown). The film crystallizes into a single GST cubic
phase. After annealing at 300 °C, a very weak signature of segregated Ge is visible at ≈300 cm-1.
These data suggest that the excess Ge in sample A is approaching the limit for decomposition.
The differences in the as-grown spectrum of sample B, richer in Ge, have been discussed in
deliverable 4.2 (section 4.3). The Raman spectra after annealing at 140 °C and 180 °C do not show
significant variations, sign of improved thermal stability of this alloy. Interestingly, the marked
change of the Raman spectrum of sample B annealed at 210°C indicates a clear compositional
change in the amorphous fraction of the film towards Ge-poor compositions, suggesting that
segregation of amorphous Ge is occurring. The crystallization of segregated Ge starts at 270 °C,
much higher that that found for GST523 (180 °C).
We performed a second annealing experiment of sample B (not shown here), starting from an
annealing temperature of 210°C. Very similar behavior was found, suggesting that, below 200°C,
the alloy is indeed relatively stable, in agreement with the almost unchanged Raman spectra
measured after annealing of the sample at 140°C and 180°C

Figure 7: Annealing experiments of a-GST films fabricated by MBE on Si(111). Raman spectroscopy measurements of
sample A (left) and sample B (right) as function of annealing temperature.

D2.4

p. 8 of 30

BeforeHand – 824957

2.2 Ge-rich films by RF Sputtering
Several layers with different composition GexSb2Te5 (x = 4÷9) and GexSb2Te3 (x = 2÷7) were grown
(Figure 8) and characterized by optical microscope, AFM, XRR, XRD, SEM and Raman (see
Deliverable D2.3 – Section 3.1.4). The crystallization properties of the grown layers were studied
by means of temperature-dependent XRD measurements.

Figure 8 – Composition of the grown GexSb2Tez layers within the ternary diagram Ge-Sb-Te

Figure 9 shows temperature-dependent GID (ω-2Ɵ) scans of a grown GST425 film compared with
reference GID (ω-2Ɵ) scans of cubic (c-)GST225, trigonal (t-)GST225 and Ge single layers. The asgrown GST425 film is amorphous and the onset of the crystallization takes place between 100 °C
and 150 °C: the peaks at 29.6° and 42.4° correspond to the c-GST(200) and c-GST(220) crystalline
orientation, respectively, By increasing the temperature up to 350°C, the formation of t-GST grains
is observed: the peak at 2Ɵ = 42.7° and 2Ɵ = 69.6° can be assigned to the t-GST(110) and tGST(123) crystalline direction, respectively. At T = 350 °C a possible contribution of c-GST can also
be noticed: the peaks at 25.6°, 29.6°, 42.4° and 69.7° could be assigned to the c-GST(111), cGST(200), c-GST(220) and c-GST(420) crystalline orientation, respectively. In the temperaturerange (100-350)°C a faint contribution from segregated Ge can also be observed (peak at 2Ɵ =
52.1°, crystalline orientation Ge(113)).
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Figure 9 - XRD (ω-2θ) scans as a function of annealing temperature for Ge, c-GST225, t-GST225 and GST425 single layers.

Figure 10 shows temperature-dependent GID (ω-2Ɵ) scans of a grown GST925 film compared
with reference GID (ω-2Ɵ) scans of c-GST225, t-GST225, Ge and Sb2Te3 single layers. The GST925
sample shows a peculiar property in comparison with the GST425 sample: the GST925 layer has
partially crystallized at room temperature by separating Sb2Te3 grains. The peaks at 43.9°, 51.2°
and 75.4° can be assigned to the Sb2Te3(113), Sb2Te3(119) and Sb2Te3(2 1 10) crystalline
orientation, respectively, The layer crystallization further develops between 200 °C and 250 °C:
the peaks at 29.6° and 42.4° correspond to the c-GST(200) and c-GST(220) crystalline orientation,
respectively. By increasing the temperature up to 400°C, we observe: i) a decrease of the intensity
of the Sb2Te3-peaks; ii) a peak at 42.7° which could be assigned to the t-GST(110) crystalline
orientation; iii) a possible contribution from c-GST225: the peaks at 29.6°, 42.4° and 52.6° could
be assigned to the c-GST(200), c-GST(220) and c-GST(222) crystalline orientation, respectively. In
the temperature-range (100-400)°C a faint contribution from segregated Ge can also be observed
(peak at 2Ɵ = 52.1°, crystalline orientation Ge(113)).
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Figure 10 - XRD ω-2θ scans as a function of annealing temperature for Sb2Te3, Ge, c-GST225, t-GST225 and GST925 single
layers.

In Table 1 we report the list of most significant single-layer Ge-rich GST samples which have been
investigated with XRD during annealing.
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Growth
RFSputt.
RFSputt.
RFSputt.
RFSputt.
RFSputt.
RFSputt.
RFSputt.
RFSputt.

Code

Substra
te

Composi
tion

Ge content
(mol
fraction)

Layer
thick
ness
(nm)

T
Crystallization
onset
(°C)

MIA 097

Si(001)

GST223

0.29

~ 60

150-175

MIA_087

Si(001)

GST425

0.36

~ 60

100-150

MIA_080

Si(001)

GST525

0.42

75

150-200

MIA_089

Si(001)

GST423

0.44

75

150-200

MIA_084

Si(001)

GST725

0.50

70

200-250

MIA_095

Si(001)

GST623

0.55

60

200-250

MIA_109

Si(001)

GST925

0.56

65

200-250

MIA_099

Si(001)

GST723

0.58

60

275-300

Table 1 – Most significant Ge-rich GST single layers realized by RF-sputtering

2.3 In-based films by PVD
50-nm thick amorphous films of In-based alloys with nominal target compositions In3SbTe2
(UTV_020) and InGeTe2 (UTV_021), were grown on Si(111)/SiOx substrates by PVD at URTOV
using stoichiometric flux ratios as described in detail in D2.3 and D4.3. In Figure 11 and Figure 12
the diffraction curves at increasing annealing temperature are reported for IST and IGT
respectively.

Figure 11: Diffraction curves of IST taken after annealing at increasing temperatures
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Figure 12: Diffraction curves of IGT alloy at different increasing temperatures.

The analysis of the diffractograms clearly shows that IST experiences two major structural
changes, the first occurring between 250 and 275 °C while the second above 375 °C (Figure 11).
The former corresponds to the crystallization of the amorphous film into InSb and the In3SbTe2,
while the latter is related to the formation of InTe and the disappearance of InSb and In3SbTe2. An
additional scan taken after a relatively fast quenching to room temperature (50°C/min) confirms
that the material does not experience any structural change but thermal contraction.
Looking at the diffraction curves reported in Figure 12 for IGT, the first things to be noted is that
the diffraction curve of the as-grown sample (30°C), is actually that of an amorphous alloy. This
was not obvious because both Ge and In effusion cells were operating at very high temperature
for almost 90 min and thus the substrate surface was irradiated and heated up to 100 °C during
the growth process, a temperature at which partial crystallization or segregation could potentially
be triggered. Concerning the structural evolution as function of temperature, crystallization is
observed between 200 and 240°C, resulting in a final phase that remains stable up to 400 °C. This
implies that IGT crystallization temperature, even if lower than IST alloy, is still much higher than
standard GST 225 and therefore better data retention at high temperature could be expected.
Replicas of UTV_020 and UTV_021 were deposited on Si (100)/Si3N4 substrates and sent to CNR
IMM Catania for resistivity vs T characterizations. These results summarized in Figure 13 for IST
(UTV_024) and IGT (UTV_025), reveal marked differences between the two samples, with
UTV_024 showing a transition around 200 °C and only a partial recovery of the electrical
resistance upon cooling of the film. Conversely, for UTV_025 no persistent resistance variations
can be detected. The electrical characterizations of In-based alloys are still ongoing and further
investigations are required to study in detail the variation of the electrical properties with
temperature and the crystallization of these materials.
In Table 2 we report the list of the most significant In-based chalcogenide single layers realized by
PVD.
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Figure 13: resistivity vs T characterization measured for UTV_024 (left) and UTV_025 (right)

Growth

Substrate

Structure

Phase/
Composition

Analysis method/
Comments

PVD
URTOV
UTV_020

Si(111)/SiOx

50nm
Single layer

Amorphous
In3SbTe2

XPS, UPS in-situ
XRD, XRR, Raman ex-situ

PVD
URTOV
UTV_021

Si(111)/SiOx

50nm
Single layer

Amorphous
InGeTe2

XPS, UPS in-situ
XRD, XRR, Raman ex-situ

PVD
URTOV
UTV_024

Si(111)/Si3N4

50nm
Single layer

Amorphous
In3SbTe2

Resistivity vs T

PVD
URTOV
UTV_025

Si(111)/Si3N4

50nm
Single layer

Amorphous
InGeTe2

Resistivity vs T

Table 2 - Most significant In-based chalcogenide single layers realized by PVD
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2.4 Sb films by PLD
A series of ultrathin amorphous Sb films with uniform film thicknesses in the range between
3.1 and 6.0 nm were deposited at room temperature using pulsed laser deposition (PLD).
This series was obtained by varying the number of laser pulses between 270 and 500 and
keeping other deposition parameters constant. Further details regarding the PLD deposition
and about the accurate assessment of the film thickness, their extreme smoothness and
amorphous nature have been provided in deliverable D2.3.
Ellipsometry is a particularly sensitive method to monitor the amorphous to crystalline
phase change in these ultrathin Sb films. Figure 14(a) shows the results of dynamic
ellipsometry (DE), where a heating rate of 5 °C/min was employed, for the series of Sb films.
The normalized intensity along the vertical axis is based on the s-called  parameter of
ellipsometry during heating. Figure 14a) shows a very pronounced drop in intensity upon
crystallization of the films. Moreover, the thinner the film, the higher the temperature where
this drop occurs. In order to accurately determine the crystallization temperature, the first
derivative of the intensity versus temperature curves are taken as depicted in Figure 14b)
and then the peak in these derivative curves, corresponding to the highest crystallization
rate, are taken as a measure of the crystallization temperature Tx. Figure 14c) demonstrates
that Tx strongly depends on Sb film thickness, where for a thickness of 6.0 nm (500 pulses)
Tx is about 100 ℃, but it increases to about 260 ℃ for a film thickness of 3.1 nm (270 pulses).

Figure 14 (a) Intensity change due to phase transformation from dynamic ellipsometry measurement for

variable thicknesses of Sb thin films. (b) The first derivative of the measured intensity for crystallization
temperature determination. (c) Thickness vs. crystallization temperature data extracted from dynamic
ellipsometry measurement.

The results shown in Figure 14 hold for uncapped Sb films and the ellipsometry analysis was
performed within 48 hours after samples were deposited and taken out of the vacuum
chamber. Then, of course, one can question if the results in Figure 14 are affected by air
exposure of the ultrathin Sb films. In order to verify this also a series of LaAlO3 capped Sb
films were produced. This (4 - 5 nm thick) LAO capping was deposited onto the Sb films
without breaking the vacuum. The DE analysis of these capped films depicted in Figure 15
shows that the results in Figure 14 are very well reproduced. In the case of 500 pulses, Tx =
106 ℃ and 101 ℃ for the capped and uncapped films, respectively. In the case of the 300
pulses film, Tx = 192 ℃ and 198 ℃ for the capped and uncapped films, respectively. Only in
the case of the 400 pulses film there is a clear difference, 149 ℃ and 127 ℃ for the capped
and uncapped film, respectively. Interestingly, the capped films show that the 250 and 200
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pulses films could not be crystallized at a temperature up to 300 ℃ and thus have Tx higher
than 300 ℃. This is in line with the uncapped film, where the 270 pulses (3.1 nm thick) film
already shows a Tx of 263 ℃ and therefore Tx must be higher for thinner films produced
with less pulses. Although the 250 and 200 pulses film does not show crystallization, still at
temperatures beyond about 200 ℃ there is a lowering in ellipsometry intensity that can
probably be associated with a structural relaxation of the amorphous phase (towards a more
stable structure). In contrast, the (capped) 600 pulses film (about 7.2 nm thick) is not
showing any change in ellipsometry intensity, because it is already crystalline at the start;
see also Figure 15b proving this. Also a 1000 pulses uncapped film was already crystalline
at the start (data not shown).

Figure 15. (a) Intensity change due to phase transformation of Sb thin films with variable film thicknesses
and LaAlO3 capping. (b) Before and after annealing for 600 pulses Sb thin film, spectroscopic scans show
no change in measurement values since phase transformation already occurred at room temperature.

The ellipsometry data in Figure 14(a) do not only provide a measure of Tx, but also contain
information about the overall crystallization rate from how fast the intensity drops upon
crystallization and thus from the width of the peak (e.g., FWHM) in Figure 14b). A slightly
more accurate procedure is adopted in
Figure 16a where a sigmoidal curve is directly fitted to the original data (without the need
to take the derivative) and the widths (ΔT) of the transitions taken from these fits are
depicted in
Figure 16b. These results show that the crystallization rate increases and thus ΔT decreases,
when the Sb film thickness reduces from 6.0 nm down to 4.1 nm, but then the crystallization
rate decreases when going to thinner films. Apparently, two competing effects are at play
here. For thinner films the crystallization temperature increases and at higher temperatures
there is more atomic mobility and the crystallization rate can therefore increase. However,
there is also the effect of increased confinement for thinner films that retards crystal growth.
Note that Sb films show extremely growth-dominated crystallization behavior. Earlier
results on 200 nm thick Sb films (containing 7 at.% Ge) show crystal sizes in the order of
millimeters [2]. Crystal sizes increase when lowering the Ge concentration from 8 to 6 at/%.
Apparently, the optimum overall crystallization rate for the ultrathin pure Sb films here
occurs for a film thickness at 4.1 nm and a Tx of about 160 ℃. For thicker films and thus
lower Tx the crystallization rate is limited by insufficient mobility due to low temperatures
D2.4

p. 16 of 30

BeforeHand – 824957
and for thinner films and higher Tx the crystallization rate is limited by insufficient mobility
due to strong confinement.

Figure 16. Sigmoidal fit (Boltzmann function) was fitted to the experimental data to extract relative speed
of phase transformation. (a) An example of dynamic ellipsometry measurement data for 6-nm Sb thin film
and the Sigmoidal data fit. (b) Relative temperature constant extracted from the Sigmoidal fit Vs.
thickness show 4-nm Sb thin films crystallize faster.
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3

Crystallization study of heterostructures

3.1 GeSbTe/Ge Superlattices by MBE
As described in deliverable D2.3 (Section 3.2.1), we fabricated amorphous (a-)GST/Ge superlattice
(SL) structures with average composition equal to that of the investigated Ge-rich GST alloy
(sample B). Here, we provide a study of crystallization, segregation and stability of these layered
structures upon annealing. We remind that we prepared two SLs (SL1 and SL2) with different
nominal periodicities (6.66 nm and 4 nm, respectively) and a total thickness of 40 nm. The
structures have therefore 6 and 10 periods, respectively.
In Figure 17 the Raman spectroscopy measurements (left panel) and X-ray diffraction (XRD) radial
scans (right panel) as function of annealing temperature are shown for sample SL1. The Raman
spectrum of the as-grown SL1 is very similar to that of the GST alloy with lower excess of Ge
(sample A). The GST layers in the structure, having a composition equal to sample A, start to
crystallize at 140 °C as for the reference alloy (crystallization onset found by XRD). As well, a
change in the Raman spectrum is visible from 180 °C.
As already stressed in D2.3, thickness oscillations at the main GST diffraction peaks are visible,
which we interpreted as a result of smooth interfaces of the crystallized GST layers stacked in the
multilayer. The Ge layers, which in this temperature range are still amorphous, confine the GST in
the layered structure and guarantee its robustness. Therefore, this finding also excludes a strong
intermixing between the constituting layers in this temperature range.
Degradation of the interface quality, likely induced by intermixing between constituting layers,
starts at 270 °C. In XRD curves there is no sign of crystalline Ge. However, as clearly visible in the
Raman spectra, starting from 270 °C crystalline Ge is present in the film (sharp mode at ≈300 cm1). This apparent inconsistency can be explained considering that the Ge layers are sandwiched
between GST layers, and not directly in contact with the Si substrate. Therefore, the formation of
polycrystalline Ge layers is suggested. Moreover, a compositional evolution towards ordered GST
528 phase is hinted by the appearance of vacancy layer (VL) peaks in XRD curves above 300 °C. In
fact, after annealing at 330 °C 1st and even 2nd order VL peaks are visible at lower Qz values with
respect to the 2nd order GST main peak (located at ≈3.62 Å-1). From the Qz separation between the
main peak and the 1st order VL peak, we calculated an average GST block thickness of ≈28.8 Å.
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Figure 17: Annealing experiment of SL1 structure fabricated by MBE on Si(111). (Left) Raman spectroscopy
measurements and (Right) XRD radial scans as function of annealing temperature.

The results of the annealing experiment for SL2 are presented in Figure 18. Similar trends are
found. The lower intensity of the Raman peak of Ge is consistent with the reduced layer thickness
in SL2 and more interfaces where intermixing can occur. After annealing at 330 °C, an average GST
block thickness of ≈28.2 Å is found.

Figure 18: Annealing experiment of SL2 structure fabricated by MBE on Si(111). (Left) Raman spectroscopy
measurements and (Right) XRD radial scans as function of annealing temperature.

The present analysis shows that the SLs do not fully intermix, and crystalline Ge is present in the
stack We remind that segregation of Ge was found for the reference GST sample B. Since the
properties of Ge-rich GST alloys are largely defined by the segregation of Ge and the overall
morphology of the crystallized film, the possibility to engineer the film structure at the nanoscale
to host layers of segregated Ge of tunable thickness is very interesting. Ultimately, TEM
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characterization will be necessary to confirm that a residual layered structure is maintained, while
electrical characterization is fundamental to prove the stability of the SLs upon switching and
compare the behavior with that of Ge-rich alloys.

3.2 Sb2Te3/Ge-rich heterostructures by RF Sputtering
Several types of amorphous heterostructures with alternating single-layers (Sb2Te3, GST225, Gerich GST, GaTe and Ge) were analysed with XRD during annealing (see Deliverable D2.3 – Section
3.2.4 and Deliverable D5.3 – Section 2.2). In this Deliverable D2.4 we show the XRD
characterization of novel heterostructures which were grown alternating layers of Sb2Te3 and
GST725 with different thicknesses (Table 3). The goal of the study was to increase the
crystallization temperature of the grown film and reduce the Ge-segregation by introducing in the
heterostructure Ge-rich GST layers and Sb2Te3 layer-barriers, respectively.

Growth

Sample name

Sample structure

RF-Sputt.

MIA_111

Si(100)/[ Sb2Te3 (5 nm)/GST725(5 nm)]X10/Si3N4

RF-Sputt.
RF-Sputt.

MIA_112
MIA_113

Si(100)/ [Sb2Te3 (10 nm)/GST725(10 nm)]X5/Si3N4
Si(100)/ [Sb2Te3 (20 nm)/GST725(20 nm)]X2/Si3N4

Table 3 – List of grown [Sb2Te3/GST725]xN (N=2,5,10) heterostructures

Figure 19 shows temperature-dependent GID (ω-2Ɵ) scans of the heterostructure Si(100)/[
Sb2Te3(5 nm)/GST725(5 nm)]X10/Si3N4 (sample MIA111 - het(a)) compared with reference GID
(ω-2Ɵ) scans of c-GST225, t-GST225 and Ge single layers. The as-grown heterostructure is
amorphous and the onset of crystallization takes place between 100 °C and 150 °C: the peaks at
29.6° and 42.4° correspond to the c-GST(200) and c-GST(220) crystalline orientation,
respectively. By increasing the temperature up to 400°C, we observe the formation of t-GST: the
peak at 26.4°, 28.7°, 42.7° and 69.7° could be assigned to the t-GST(102), t-GST(10-3), t-GST(110)
and t-GST(123) crystalline direction, respectively. At T = 400 °C a contribution to the XRD
spectrum from c-GST225 can still be noticed: the peak at 25.6°, 29.6° and 42.4° could be assigned
to the c-GST(111), c-GST(200) and c-GST(220) crystalline orientation, respectively. The low
intensity of the Ge(113) peak (2Ɵ = 52.1°) at T = 400 °C suggests weak Ge-segregation during
annealing.

D2.4

p. 20 of 30

BeforeHand – 824957

Figure 19 - XRD (ω-2θ) scans as a function of annealing temperature for Ge, c-GST225, t-GST225 single layers and sample
MIA 111 (heterostructure (a) - Si(100)/[ Sb2Te3(5 nm)/GST725(5 nm)]X10/Si3N4).

Figure 20 shows temperature-dependent GID (ω-2Ɵ) scans of the heterostructure Si(100)/[
Sb2Te3(20 nm)/GST725(20 nm)]X2/Si3N4 (sample MIA113 - het(b)) compared with reference GID
(ω-2Ɵ) scans of c-GST225, t-GST225, Ge and Sb2Te3 single layers. The as-grown heterostructure
is amorphous and the onset of Sb2Te3 crystallization takes place between 30 °C and 100 °C: the
peaks at 28.9° and 75.4° correspond to the Sb2Te3(015) and Sb2Te3(2 1 10) crystalline orientation,
respectively. By increasing the temperature up to 350°C, we observe the gradual decomposition
of crystalline Sb2Te3 and the appearance of crystalline GST phases. At T=150 °C GST crystallizes in
the rocksalt phase along the c-GST(200) (2Ɵ = 29.6°) and c-GST(220) (2Ɵ = 42.4°) crystalline
orientation. At T = 350 °C we observe the formation of t-GST225 along the t-GST(102) (2Ɵ = 26.4°),
t-GST(10-3) (2Ɵ = 28.7°) and t-GST(106) (2Ɵ = 39.2°) crystal directions. The almost absent
intensity of the Ge(113) peak (2Ɵ = 52.1°) at T = 350 °C suggests very poor Ge-segregation during
annealing.
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Figure 20 - XRD (ω-2θ) scans as a function of annealing temperature for Ge, c-GST225, t-GST225 and Sb2Te3 single layers
and sample MIA 113 (heterostructure (b) - Si(100)/[ Sb2Te3(20 nm)/GST725(20 nm)]X2/Si3N4).

XRD measurements on heterostructures (a) and (b) suggest that a thinner Sb2Te3 barrier
layer (het(a)) contributes to limit the undesired effect of Ge-segregation in Ge-rich PCM
heterostructures without lowering the temperature of crystallization-onset.
In Table 4 we report the list of the most significant heterostructure samples which have been
investigated with XRD during annealing.

Growth
RFSputt.
RFSputt.
RFSputt.
RFSputt.
RFSputt.

Structure

T Crystallization
onset
(°C)

Code

Substrate

MIA_72

Si(100)/SCV

MIA_73

Si(100)/SCV

MIA_111

Si(100)

[Sb2Te3/GST725]10

100 - 150

MIA_112

Si(100)

[Sb2Te3/GST725]5

100 - 150

MIA_113

Si(100)

[Sb2Te3/GST725]2

100 - 150

[Sb2Te3/GST225)/Ge]2/
Sb2Te3/GST225
[Sb2Te3/GST225)/Ge]4/
Sb2Te3/GST225

100 - 150
100 - 125

Table 4 – Most significant heterostructure samples realized by RF-sputtering.
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3.3 Ge-rich GST heterostructures by PVD
Two Ge-rich GST based heterostructures (Sample UTV_019: Si(111)/SiOx/Sb2Te3/Ge-rich GST,
Sample UTV_027: Si(111)/SiOx/GST225/Ge-rich GST) were grown at URTOV as described in detail
in D4.3 and sent under inert N2 atmosphere to CNR IMM Roma where a Si3N4 capping layer was
deposited and the samples were characterized by XRD and XRR as reported in D2.3.
The XRD measurements performed upon annealing of UTV_019 are shown in Figure 21(a) where
a first crystallization is visible at T = 100 °C and position 2Θ = 28.5° associated to the crystalline
feature Sb2Te3[1 0 -1 5]. By increasing the temperature up to T = 225°C, the peak shifts to position
2Θ = 28.9° which we assign to the crystalline orientation c-GST[200]. At 225°C also the peaks at
2Θ = 25.54°, 2Θ = 40° and 2Θ = 42.6° can be observed, associated to the crystal orientations cGST[111], t-GST[106] and c-GST[220], respectively. The c-GST[111] peak shows a shoulder at
lower diffraction angles that might be assigned to Ge[111]. A faint reflection from c-GST[222] can
be identified at 52.2°.

(a)
(b)

Figure 21: (a) Comparison among XRD spectra of sample UTV_019 and (b) with single layer samples (Ge, Ge-rich GST,
Sb2Te3) prepared by sputtering at IMM.

The heterostructure spectra show that the contribution of the c-GST[200] reflection increases in
intensity up to T = 300 °C, while the c-GST[220] reflection remains almost stable, meaning that the
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growth of crystalline GST proceeds more favorably along the [200] direction than along the [220]
orientation.
The XRD spectra of UTV_027 reported in Figure 22 show that the crystallization starts at T = 150
°C and proceeds until T = 350 °C. At 150 °C we observe the presence of peaks compatible with the
crystal orientations [111], [002], [022] and [024] of crystalline GST225. Interestingly, the
heterostructure spectra show that the contribution of the [111] and [024] reflections remain
stable up to T = 350 °C, while the other orientations disappear, meaning that probably those two
crystal orientations grow at the expenses of the others.

Figure 22: Comparison among XRD spectra of sample UTV_027 and spectra of single layer samples (Ge-rich GST, GST225
and Ge) prepared by sputtering at IMM.

Figure 23 (a) and (b) show the intensity and the Full Width at Half Maximum (FWHM) as a function
of temperature for, respectively, the GST [111] and GST [024] peak after fitting the raw data. By
increasing the temperature, the peak intensity increases and the peak FWHM decreases, showing
an improvement of lattice plane alignment with respect to the GST [111] and GST [024] crystal
orientations. Moreover, the FHWM data converge for both orientations to a value lower than 0.5°
indicating a very high crystal quality in respect to lattice plane alignment.
In Table 5 we report the list of the most significant chalcogenide heterostructures realized by PVD.
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(a)

(b)

Figure 23: intensity and the Full Width at Half Maximum (FWHM) as a function of the annealing temperature for the (a)
GST [111] and (b) GST [024] peak.

Growth

Substrate

PVD
URTOV
UTV_019

Si(100)/SiO2

PVD
URTOV
UTV_027

Si(100)/SiO2

Structure

Phase/
Composition

Cap

Analysis method/
Comments

Sb2Te3 (24nm)/
Ge-rich GST
(24 nm)
Heterostructure
GST225 (24nm)/
Ge-rich GST
(24nm)
Heterostructure

All
amorphous

Si3N4

XRD
XRR
Raman

All
amorphous

Si3N4

XRD
XRR
Raman

Table 5 - List of most significant chalcogenide heterostructures realized by PVD

3.4 Sb/LAO heterostructures by PLD
The strong dependence of Tx on film thickness can be exploited in data storage and optoelectronic
applications, particularly for creating multilevel states. Previous work on multilevel reflectance
spectra show the possibility of individual phase switching in an optical heterostructure device
consisting of multiple phase change material alloys like Sb2Te3, GeTe, and GST [3,[4]. Although the
results produced can be considered promising, the downside is that the individual layers in the
heterostructure optical device each have a fixed Tx and tuning reflectance in a specific
temperature range can be problematic. Sb thin films provide a solution for this since the Tx for a
layer can be directly controlled by the film thickness. In addition, compared to known PCM alloys,
the ‘monoatomic’ aspect of Sb thin films also resolve multiple problems related to device
production and endurance, e.g. related to phase separation. As a proof of principle, we constructed
here a single device where on Si wafer covered with thermal oxide, first a (100 nm thick) Au
bottom layer (reflector) was deposited and then three Sb layers sandwiched between LAO layers,
as schematically depicted in Figure 24a (see also overview image in Figure 4c of D2.3). The bottom
Sb layer is the thickest one as produced with 500 pulses, the middle layer with 300 pulses and the
top layer is the thinnest one as produced with 270 pulses. A cross-section TEM image of the device
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is shown in Figure 24b, clearly highlighting the three Sb films sandwiched between amorphous
oxide layers. The initially amorphous Sb layers were completely crystallized during dynamic
ellipsometry as can be observed in the TEM image. The dark contrast produced by the three Sb
layers reduces from bottom to top reflecting the reduced Sb film thickness from bottom to top.

Figure 24. (a) Schematics of a heterostructure design for monoatomic multilevel reflectance device. Three layers

of Sb thin films with variable thickness, separated by transparent LaAlO 3 (LAO) layers, are deposited on a gold
substrate. (b) Cross-section TEM image of the heterostructure device showing individual layers corresponding
to the schematics. (c) Pseudo index of refraction <n> from dynamic ellipsometry measurement indicating
individual crystallizations of the Sb layers in the heterostructure. (d) The first derivative of <n> provides
crystallization temperature for individual layer phase transformation.

During heating and cooling cycles the three different Sb films are crystallized individually, where
heating to about 135 ℃ is sufficient to fully crystallize the thickest (500 pulses) layer, having a Tx
of 93 ℃, but still keeps the other two thinner Sb films amorphous; see Figure 24d. Then, re-heating
to about 200 ℃ also fully crystallizes the intermediate thickness (300 pulses) layer, having a Tx of
169 ℃, but still keeps the thinnest Sb film amorphous. Finally, when re-heating to about 300 ℃
also the thinnest (270 pulses) layer, having a Tx of 267 ℃, is fully crystallized. This process of
overall heating demonstrates that it should be possible to also use Joule heating via laser or
electrical pulses with different powers to individually crystallize such Sb films with distinct
crystallization temperatures. Of course, such a multilayer structure only becomes interesting
when it can produce additional performance like multilevel optical or electrical states. The results
in Figure 24c indeed show that distinct optical states are produced, in this case, the pseudo index
of refraction <n> of the overall structure for a wavelength of 900 nm. When all three Sb layers are
amorphous <n> is about 0.40. When only the bottom Sb layer is crystallized <n> become about
0.47. Crystallizing the intermediate layer leads to an <n> of about 0.55 and, finally when all three
layers are crystallized <n> becomes 0.65. So, distinct property contrast is generated between four
states.
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Figure 25. (a) and (b) show the index of refraction n and extinction coefficient k extracted from spectroscopic

ellipsometry measurement for both as-deposited (a-Sb) and annealed (c-Sb) Sb thin films with variable
thicknesses. (c) The change in the index of refraction (Δn) and extinction coefficient (Δk) induced by phase
transformation from as-deposited to annealed. (d) Simulated and (e) measured reflectance spectra for the
heterostructure design (shown in Figure 4. (a) and (b)) consisting of three Sb layers with varying thicknesses.
Individual layer crystallizations produced distinct reflectance profiles. (f) Change in reflectance spectra values
due to individual layer transformations. Maximum reflectance change is shown at 800 nm.

Fitting a model to the raw data, spectroscopic ellipsometry allows extraction of optical properties
of the (uncapped) Sb films (analyzed in Figure 1) like index of refraction n and extinction
coefficient k for a spectral range. In this case the wavelength range is from 300 nm to 1700 nm. All
Sb layers are analyzed first in the amorphous state and then after crystallization. The results are
shown in Figure 25a-c. Some general trends can be discerned, where the thinnest (3.5 nm)
crystalline film is somewhat an outlier, but more on this below. The n and k spectra do not reflect
that all films consist of identical antimony but tend to be film thickness dependent. The n of the
amorphous films tends to be higher than the n of the crystalline films for the lower wavelength
range typically between 300 and 900 nm, but this reverses for the higher wavelength range (from
900 to 1700 nm). The k of the amorphous films is significantly lower than the k of the crystalline
films, at least for the wavelength range between 600 and 1700 nm, but vanishes for wavelengths
below 600 nm. Compared to the other crystalline films the n and k of the thinnest crystalline film
show rather deviating behavior. Interestingly, the n and k of the thinnest crystalline film is
remarkably similar to the ones of the thickest amorphous film.
Although rather speculative at this moment, this special behavior of the thinnest crystalline film
can be associated with the chemical bonding that prevails between the Sb atoms. In the amorphous
films the bonding is covalent. In crystalline Sb the bonding is metallic-like, but this is a special type
of metallic bonding that has been coined metavalent bonding (MVB) [5]. The bonding in Sb occurs
solely by p electrons and on average three p electrons are available per Sb atom. Although
rhombohedrally distorted, the structure of Sb is close to simple cubic [5], implying that the
coordination is close to six-fold. For covalent bonding then 6 electrons are needed per Sb atom.
However, only 3 electrons are available. This means a half-filled band and thus, to make stable
bonds, the electrons delocalize and the bonding becomes metallic-like. However, for such a halffilled band the structure can lower its energy by Peierls distortion, where each Sb atom makes 3
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strong (more covalent like) bonds and 3 weaker (more van-der-Waals like) bonds. Indeed, in
crystalline Sb such Peierls distortion occurs leading to the rhombohedral distortion of the simple
cubic structure and to dimerization, i.e. bilayer formation [6]. Note that the thin crystalline Sb films
tend to be highly textured, where all grains have their c-axis out-of-plane, i.e. bilayers parallel to
the surface. Now what could be the reason that the thinnest crystalline Sb films clearly deviates
from the thicker crystalline films and is close to the amorphous ones? Evidence is increasing that
the MVB is breaking down for ultrathin films [5]. The bonding in these strongly confined
crystalline films becomes again more covalent. A likely mechanism is that the Peirels distortion
increases in the ultrathin films and this is opening a bandgap [5]. So, there is a transition from
electron delocalization (by MVB) in thicker crystalline films to electron localization in ultraconfined crystalline films. Electrons are anyhow localized in the amorphous films. This could well
explain to a large extent the observed behavior in Figure 25 a-c.

4

Comparative analysis of crystallization speed and thermal stability

Using PLD we also prepared thin films of Sb2Te3, GST225 and Ge-rich GST for DE measurements
for better insight into crystallization temperature variations with Ge content, see Figure 26a. Note
that TEM-EDX analysis of the as-deposited Ge-rich GST thin films provided an average
composition (in at.%) of 46 Ge, 22 Sb, and 32 Te, which deviated from the initial target composition
GST523. This deviation is caused by the formation of Ge-rich particulates during PLD deposition.
With TEM we observed these particulates and the excess of Ge in these particles produce a
remaining film with a somewhat lower Ge concentration as observed. All films were produced
with thicknesses of 35 - 40 nm, and for DE a heating rate of 5 °C min−1 was used. The normalized
intensity in Figure 6a shows the measured value for the ellipsometry parameter ψ at 1400 nm
wavelength. The figure shows abrupt changes in this parameter upon phase transformation for all
three phases. In Figure 26b, the first derivatives of the normalized measurement values are given.
By fitting the curves with a Gaussian function, we can accurately extract the crystallization
temperature for the thin films. Sb2Te3 and GST-225 films crystallize at 120 °C and 146 °C,
respectively. However, for the Ge-rich GST thin films, crystallization happens at a higher
temperature of 213 °C. Our Ge-rich GST thin films thus show Tx values that are about 70 °C larger
than the one of GST225 thin films. Given the excess Ge content present in the Ge-rich GST thin
films, the relatively higher Tx is not surprising. It has been shown that increasing Ge content leads
to higher Tx values for the ternary phase [7[8]. However, there is also a significant drawback of
Ge-rich GST in that it shows a strong driving force for phase separation.
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Figure 26. (a) Crystallization curves from dynamic ellipsometry measurements. Measurements of Sb 2Te3 and

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

5 Conclusions on performed activity and future strategy
Overall, an intense and systematic study was continued on the amorphous films and
heterostructures to investigate their thermal stability and crystallization dynamics, with a special
focus on Ge-rich GST alloys with varied Ge content, In-Ge-Te and In-Sb-Te alloys, but also the
promising elemental Sb phase change material. Many results are quite interesting, thanks to the
combination of information coming not only from several characterization methods, such as XRD,
Raman, Resistivity, reflectivity, ellipsometry, but even from the availability of four deposition
techniques (MBE, PLD, RF-sputtering, PVD).
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