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Abstract

The compound GeTe, despite its simple stoichiometry, is rather unconventional and has
been investigated both from a fundamental and technological perspective: it is of high
interest for several technologies such as data-storage (phase change memories) and
thermoelectricity. The understanding of GeTe growth is thus a key issue for technological
applications and fundamental understanding. In this work, GeTe crystallization kinetics
IS compared to Ge/Te reactive diffusion kinetics using in situ X-ray diffraction
measurements, as well as in situ transmission electron microscopy. GeTe crystallization
from an amorphous solid solution exhibiting the stoichiometry of the compound GeTe is
found to occur at the same temperature as for the reactive diffusion of an amorphous Ge
layer on top of a polycrystalline Te layer. Furthermore, GeTe growth is of tridimensional
type in the two cases, and can be modeled by the Johnson-Mehl-Avrami-Kolmogorov
model. Using this model, the activation energies of nucleation and growth were
determined for both crystallization and reactive diffusion. The results suggest that GeTe
exhibits nucleation/reaction kinetics unusually low compared to atomic transport

kinetics, contrasting with other germanides.
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1. Introduction

Phase Change Random Access Memory (PCRAM) is one of the most promising
technology for the next generation of non-volatile memories with Ferroelectric RAM and
Magnetic RAM [1]. PCRAM exploits the surprising phase change properties of Phase Change
Materials (PCM) in order to achieve a memory effect. PCM can reversibly and quickly change
between a high-resistivity amorphous (and in general low-reflectivity) state and a low-
resistivity crystalline (and in general high-reflectivity) state through thermal annealing [2-5].
This class of materials is mostly composed of chalcogenides glasses [2,5] , and has been used
for nonvolatile optical memories such as CDs, DVDs and Blu-ray discs, using the large
reflectivity difference between the two states [2,3,5,6]. Ge-Sb-Te based chalcogenide alloys or
compounds (GST) are considered to be among the most promising PCM for PCRAM
applications [2,5,6]. However, their low crystallization temperatures (~ 150-170°C for
GexShoTes [5]) can be a limiting factor for industrial production and high reliability
applications, such as automotive applications [7,8]. In contrast, the binary compound GeTe
exhibits ultra-fast switching as well as a higher crystallization temperature than GST (~ 180-
230°C depending on oxidation [9]). Consequently, GeTe is also a strong PCM contender for
PCRAM applications [4], but is also considered as a good candidate for the development of
GeTe-based RF switches [10-12]. Furthermore, numerous studies have also reported

interesting GeTe properties for thermoelectric applications [13-15].

The control of the GeTe compound growth is of prime importance for all applications.
Two main techniques are commonly used in industrial processes for the solid-state production
of thin film compounds: i) reactive diffusion between two films in contact [16-18] , which is
driven by atomic transport and interfacial reaction, or ii) non-diffusive reaction [19] that is also
called “crystallization”, since it consists in the formation of an ordered compound from a
homogeneous solid solution in the amorphous state exhibiting the stoichiometry of the desired
compound. GeTe crystallization has been mainly studied to date from homogeneous
Ge(50%):Te(50%) amorphous (a-GeTe) thin films for PCRAM applications [20,21]. The
crystallization of a-GeTe thin films is characterized by homogeneous random nucleation of the
GeTe compound, followed by its three-dimensional (3D) growth [9,20,22]. Reported GeTe
crystallization experiments were performed using differential scanning calorimetry (DSC)
[23,24], in situ resistivity measurements [25-27] or in situ reflectivity measurements
[22,23,28], allowing an activation energy linked to the crystallization process to be determined

using the Kissinger analysis. This activation energy varies between 1.7 and 3.9 eV depending



on the authors and the experimental technique [22-25,28]. Reactive diffusion (RD) is
commonly used to produce silicide and germanide ohmic contacts on the source, the drain and
the gate of microelectronic transistors in the complementary-metal-oxide-semiconductor
(CMOS) technology through the self-aligned-silicide (Salicide) process, based on the RD of a
metallic film with the semiconductor [16-18]. RD depends on interfacial reaction and self-
diffusion [29-31]. Thus, RD experiments can allow the kinetics of semiconductor/metal
reaction and atomic transport to be assessed, which are of main interest for crystallization
understanding and process simulation [29]. Germanide RD on flat substrates generally leads to
a two-dimensional (2D) growth [31-35], characterized by first an interfacial nucleation step
leading to the extremely fast formation of an interfacial thin layer of few nanometers-thick
(lateral growth), followed by the growth of this 2D layer in the direction perpendicular to the
interface (normal growth). The growth of the layer can be simulated by linear-parabolic type of
models [30], reproducing the compound linear growth versus time, limited by interfacial
reaction Kkinetics, for small layer thicknesses, followed by a parabolic growth regime versus
time, limited by atomic transport Kinetics, once the growing layer has reached a critical
thickness [29,31]. However, only parabolic growth has been so far observed in the case of 2D
germanide growth [31], meaning that germanium/metal reaction Kinetics is generally several

orders of magnitude faster than grain boundary self-diffusion kinetics in the compound.

In this work, GeTe crystallization kinetics in a 150 nm-thick a-GeTe thin film is
compared to the GeTe growth kinetics observed during the RD of a 60 nm-thick Ge layer
deposited on a 90 nm-thick Te layer using in situ X-ray diffraction (XRD) and in situ
transmission electron microscopy (TEM). Surprisingly, GeTe follows a 3D growth exhibiting
similar nucleation temperatures in the two cases. Activation energies of nucleation and growth
are determined using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model [36-38] to fit in

situ XRD measurements acquired during isotherms.

2. Material and methods

The samples were elaborated in a commercial magnetron sputtering system exhibiting
a base pressure of 10~ mbar. Te was sputtered from a 99.99% pure Te-target in RF mode, while
Ge was sputtered from a 99.999% pure Ge-target in DC mode, using a 99.9999% pure Ar gas
flow under a work pressure of 3.6 x 10 mbar. Ge and Te fluxes were calibrated separately by

measuring the thickness of sputtered films deposited at room temperature (RT) on the native



oxide of Si(001) substrates by X-ray reflectivity. Two types of samples were elaborated. Sample
#1 was meant to study GeTe crystallization. In this case, Ge and Te were co-deposited in the
Ge(50 at.%):Te(50 at.%) stoichiometry at RT on the native SiO, layer (~ 2 nm-thick) of a
Si(001) substrate. The SiO layer is kept as a diffusion barrier preventing Si atoms from the
substrate to interact with the deposited layers. The 150 nm-thick GeTe layer was capped with
10 nm of pure Ge at the same temperature. The Ge layer was added aiming to limit the GeTe
layer oxidation. The entire film was fully amorphous after deposition (Fig. 1). Sample #2 was
destined for the study of solid state Ge/Te RD. To this aim, a 90 nm-thick Te layer was
deposited on the same substrate as used for sample #1, before to be covered by a 70 nm-thick
Ge layer. All the layers were deposited at RT, and the sputtering powers and deposition times
were kept the same as for sample #1. The reaction of the entire bilayer is expected leading to
the formation of a GeTe layer of same thickness as after the entire crystallization of sample #1,

with an extra 10 nm-thick layer of a-Ge on the surface.

After deposition, the samples were cut into several pieces. 1.5 x 1.5 cm? specimens were
used to performed in situ XRD measurements. The specimens were annealed at constant
temperature (isothermal annealing) or following a heating ramp (isochronal annealing) in situ
in a XRD setup under a vacuum of ~ 10~° mbar. All the XRD measurements were performed
in the Bragg-Brentano geometry (6-26) on a Panalytical Empyrean diffractometer equipped
with an PIXcel detector designed for high speed data collection, using a Cu K-a source (4 =
0.154 nm). For isochronal annealing, the heating ramp was performed between 100°C and
350°C following a temperature ramp of 10°C per minute steps separated by 4.5 minute-long
XRD scans at constant temperature, corresponding to an average heating ramp of ~ 0.9 K min-2.
Scans were executed every 5°C. Four to five isotherms between 145°C and 190°C were

performed on each type of samples, in addition to the ramp annealing.

In situ TEM observations gave complementary information on the growth of the GeTe
phase during Ge/Te RD. A TEM lamella has been prepared using the in-situ lift out technique
in a FIB-SEM system, Helios450™ from ThermoFisher, and mounted onto a molybdenum grid.
Final thinning of the lamella has been done using a 8kV acceleration voltage, in order to limit
the possible FIB Gallium induced amorphization. Once prepared, the grid has been mounted
onto a sample heating holder from Gatan, and then loaded into a Tecnai F20 TEM, from
ThermoFisher, operating at a 200kV accelerating voltage in TEM bright field mode.



3. Results and discussion

3.1. GeTe growth during isochronal annealing

Fig. 1(a) presents series of XRD patterns recorded during the ramp annealing of sample
#1 (GeTe layer) as a function of temperature. No diffraction peak is detected in this sample
before annealing. The sample is entirely amorphous. Upon heating, two peaks simultaneously
appear at 20 = 29.75° and 42.28° when reaching T = 170°C. They respectively correspond to
the (202) and (024) Bragg reflections of the rhombohedral a-GeTe phase. Ge crystallization is
detected at T = 290°C with the apparition of the Ge(111) diffraction peak at 26 = 27.31° and

coincides with an intensity increase of the diffraction peak a-GeTe(202).
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Fig. 1: XRD patterns (4 = 0.154 nm) as a function of temperature acquired during in situ isochronal
annealing of ~ 0.9 K min~! for a) sample #1 (GeTe layer) and b) sample #2 (Ge/Te bilayer).

Fig. 2 presents the variations of the normalized integrated XRD intensities versus
annealing temperature. The signal is proportional to the corresponding phase diffracting volume
[39]. Only the peak o-GeTe(202) (open circles) is presented in the case of sample #1: the
Ge(111) peak intensity is very low, and thus, shows significant fluctuations preventing getting
reliable data after integration. Fig. 2 shows also the average grain size L of a-GeTe along the
normal of the sample surface, determined from the full width at half maximum (FWHM) w of
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the a-GeTe(202) peak according to the Scherrer formula, and neglecting the microstrain

contribution:

- kach(e) (1)
with the factor k = 0.89 in our case. GeTe grain size reaches rapidly a maximum L ~ 12 nm
during GeTe growth (T < 200 °C) and stays almost constant, following the diffraction intensity
up to 290°C. At this temperature, both a-GeTe volume (XRD integrated intensity) and grain
size (L) are found to increase again. Our results are in agreement with similar studies previously
reported: the GeTe crystallization temperature (i.e. nucleation temperature) Tn = 170 °C is in
agreement with the literature for uncapped layers [40], and the subsequent intensity increase of

the peak a-GeTe(202) concurrently with Ge crystallization was already observed [27].
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Fig. 2: Normalized integrated intensities of diffraction peaks and average grain size (L) during in situ
XRD isochronal annealing of ~ 0.9 K min-!: sample #1 (GeTe layer), a-GeTe(202) (open circles); and
sample #2 (Ge/Te bilayer), hexagonal-Te(101) (solid squares) and a-GeTe(202) (open squares).

Fig. 1(b) presents the series of XRD patterns acquired during the ramp annealing of
sample #2 (Ge/Te bilayer). Four diffraction peaks are already observed before annealing at
20 =27.53°, 38.16°, 40.16° and 43.07°, respectively corresponding to the Bragg reflections
(101), (102), (110) and (111) of the hexagonal Te phase. The as-deposited Te layer is

polycrystalline (poly-Te). No diffraction peaks are observed from the Ge layer, as this layer is
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amorphous (a-Ge) after deposition. Upon annealing, the vanishing of Te peaks coincides with
the simultaneous appearance at T = 175°C of the four diffraction peaks o-GeTe(003), a-
GeTe(021), a-GeTe(202), and a-GeTe(024), respectively at 26 = 25.21°, 25.98°, 29.83°, and
42.16°. Despite the structural and chemical distribution differences between sample #1 and
sample #2, the a-GeTe phase is found to form at the same temperature (in the 5°C measurement
error) in the two samples. However, despite that the peak a-GeTe(202) is the most intense in
the two samples, the samples exhibit different textures, as the peaks a-GeTe(003) and a-
GeTe(021) are detected only in sample #2, exhibiting higher diffraction intensities than the peak
a-GeTe(024) in this case. Furthermore, Ge crystallization is not observed during Ge/Te RD in
sample #2 despite the presence of the 70 nm-thick a-Ge layer, contrasting with GeTe
crystallization in sample #1. Fig. 2 shows typical phase volume variations during 2D growth of
compounds by RD [41]: the diffraction intensity of the reacting layers (here only Te since Ge
stays amorphous) decreases concurrently with the increase of the growing compound
diffraction intensity (i.e. a-GeTe). The superimposition in Fig. 2 of the variations of the
diffraction peak a-GeTe(202) in the two samples during the same annealing shows that despite
a similar nucleation temperature T, = 170°C, GeTe growth Kinetics are different during
crystallization and RD. Indeed, growth Kinetics are expected to be different as GeTe growth
does not need atomic transport in sample #1 (the composition is homogeneous and corresponds
to the GeTe stoichiometry), while GeTe growth during RD depends on atomic transport kinetics
[30,31]. Average GeTe grain size is larger in sample #2, and its evolution with temperature
differs from sample #1: L increases with the GeTe phase volume up to ~ 200 °C during RD; at
that temperature, the GeTe volume has reached a maximum, but L is still increasing with
temperature following a slower rate, reaching L ~ 36 nm at the end of the experiment. This
behavior is in agreement with a growth regime below 200°C, followed by grain growth
competition at higher temperature.

3.2. GeTe growth during isothermal annealing

Fig. 3 presents the variations of the a-GeTe(202) XRD normalized integrated intensity
recorded during different isothermal annealing of sample #1 (Fig. 3(a)) and sample #2
(Fig. 3(b)) between T = 145 and 190 °C. The signal is proportional to the crystallized a-GeTe
phase volume, so to the crystallized fraction. For sample #1, the a-GeTe crystallization fraction
can be fitted with the JIMAK model, as expected. However, the GeTe growth in sample #2

cannot be simulated using typical linear-parabolic 2D growth models [30,42]. Instead, GeTe



growth in sample #2 can also be fitted with the JMAK model. In this model, the crystallized

fraction (or the phase volume) variation with time f(t) follows the law:

f(©) =1—exp(—k xt") )
x includes the product of the nucleation rate with the growth rate, and n is generally called the
Avrami coefficient. According to this model, « is constant if the nucleation rate
N = Noexp(-En/ksT) and the growth rate v = wexp(—Eg/ksT) are constant versus time at
constant temperature (ks is the Boltzmann constant). This is the case for GeTe growth in the
two samples #1 and #2 (Fig. 3). In particular, Fig. 3(c) and Fig. 3(d) show that GeTe growth
occurs according to a same regime at low temperature, between 145 and 160°C (n ~ 4) for
sample #1 and between 145 et 175°C (n ~ 2.5) for sample #2, while the growth regime changes
(i.e. the value of n changes) and eventually cannot be fitted by the JMAK model at high
temperatures. The value of n can have different interpretations, including a dependence on the
geometry of the growing phase (2D or 3D for example) or a dependence on the nucleation site

density and its saturation [43,44].
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Fig. 3: Normalized integrated intensity f(t) of the a-GeTe(202) diffraction peak versus time recorded
during in situ XRD isothermal annealing at various temperatures between 145°C and 190°C: a) and c)
sample #1 (GeTe layer); b) and d) sample #2 (Ge/Te bilayer). The solid line in a) and b) corresponds to
a fit using the IMAK model with the Avrami exponent n determined from the corresponding signal ¢ =

In(=In(1 - f(t))) in c) and d).



GeTe growth during crystallization is known to follow a 3D growth [9,20] , which is in
agreement with n = 4 in the JMAK model, considering the homogeneous growth of spherical

nucleus in a nucleation-and-growth regime. In this case:

Eq

k(T) = kyexp(— —) 3)
B

Ea = En + 3Eq is the activation energy of nucleation and growth.

Fig. 4(a) presents the plot of xversus 1/ksT using the logarithmic scale determined from the in
situ XRD signals measured from sample #1 (Fig. 3(a)) at the two temperatures 145°C and 160°C
(n ~4), and from sample #2 at three temperatures. Considering sample #1, the activation energy
of nucleation and growth was found to be Ea = 6.23 eV. The nucleation time At corresponding
to the time needed to detect for the first time the diffraction signal during isothermal annealing

informs on the nucleation kinetics, and was described as follows:

1 Ep
E_QXEXP(_quT) (4)

Fig. 4(b) presents the variations of At measured from the in situ XRD signals acquired from
sample #1 at T = 145°C, 160°C, and 175 °C (extracted from Fig. 3(a)) versus 1/kgT. The
activation energy of nucleation for GeTe crystallization was found to be E, = 1.72 eV, giving
an activation energy of growth Eg = 1/3(Ea — En) = 1.50 eV. The activation energies determined
from Kissinger analyses (isochronal annealing) during GeTe crystallization were found to be
comprised between 1.7 and 3.9 eV [22-25,28]. This large energy range could be linked to both
the small composition variations reported in the different studies and the effect of uncontrolled
incorporation of impurities such as carbon and oxygen, depending on sputtering conditions
(target purity, argon gas pressure and purity, deposition speed...) [45]. It is interesting to note
that the activation energy of nucleation reported in the present work is comprised in the range,
1.7 and 3.9 eV, reported in the bibliography. These observation is in agreement with Navarro
et al. [25] suggesting that the activation energy determined from Kissinger analyses should

correspond to the activation energy of the nucleation process due to the very fast GeTe growth.
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Fig. 4: Variations of a) the parameter In(«) and b) the nucleation time In(At) according to the inverse of
temperature for sample #1 (GeTe layer) and sample #2 (Ge/Te bilayer).

The interpretation of the GeTe growth following eq.(2) in sample #2 is less
straightforward since n ~ 2.5 in this case. Thus, in situ TEM observations were performed

aiming to determine the GeTe growth mode in sample #2.

Figure 5 presents four subsequent TEM images acquired during the in situ heating of a
cross-section TEM lamella prepared from sample #2 from RT to T = 225°C. The arrows are
used to mark identical locations in the different TEM images. After deposition (Fig. 5(a)), the
sample is made of the stack of a 63 nm-thick amorphous Ge layer on top of a 80 nm-thick
polycrystalline Te layer. One can note that no intermixing layer is observed at the a-Ge/poly-
Te interface. Generally, a 3-to-5 nm-thick intermixing layer is formed between the metal and
Si or Ge during RT sputtering [31,33]. This layer can be amorphous or crystalline and acts as

the initial stage of 2D growth of silicides or germanides [31]. During heating (Fig. 5(b) to 5(d)),
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polycrystalline GeTe starts to grow between Ge and Te. However, GeTe does not form a
continuous layer between the a-Ge and poly-Te layers as usually observed for germanide
growth [31-35,41]. In sample #2 instead, 3D GeTe grains form both in the a-Ge layer and in
the poly-Te layer. These observations are in agreement with the GeTe growth Kinetic observed
by in situ XRD in this sample: GeTe growth does not follow the usual 2D growth modeled by
linear-parabolic growth models, but corresponds to a 3D growth that can be modeled by the
JMAK model. The fact that n is different from 4 could be linked to different effects. For
example, the nucleation rate and nucleus distribution are probably different in the amorphous
Ge layer and in the polycrystalline Te layer. Furthermore, n should take into account that the
growth rate in sample #2 is dependent of atomic transport kinetics following a t'2 law.
According to TEM observations, GeTe growth in sample #2 can be modeled using the JIMAK
model with the same assumptions as for sample #1, but Ea = En + (n—1)Eg in this case. Similar
to the case of sample #1, the variations of x determined from the in situ XRD signals measured
from sample #2 (Fig. 3(b)) at T = 145°C, 160°C, and 175°C (n ~ 2.5) are presented in Fig. 4(a)

versus 1/kgT. The activation energy of nucleation and growth was found to be Ea = 3.06 eV.

Fig. 5: Cross-section TEM images acquired during in situ sample #2 (Ge/Te) heating from RT to 225°C:
a) RT, b) 180°C, ¢) 205°C, and d) 225°C. The arrows are used to mark identical locations in the different
images. The added color highlights the new phase.
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Table 1: Activation energies determined from in situ XRD isotherms using the JIMAK model.

Sample Ea(eV) En(eV) Eg(eV)
#1-crystallization 6.23 1.72 1.50
#2-RD 3.06 1.25 1.21

The variations of At measured from the same in situ XRD signals are presented in Fig.
4(b). The activation energy of nucleation for GeTe RD was found to be En = 1.25 eV, giving an
activation energy of growth Eq = 1.21 eV. Tab. 1 summarizes the activation energies determined
from the isothermal in situ XRD measurements performed at low temperature (< 175 °C), using
the JIMAK model. These activation energies of nucleation and growth are difficult to compare
with the data available in the literature. Indeed, quantitative data concerning interfacial reaction
for the system Ge-Te are lacking, as well as data concerning self-diffusion, especially in grain
boundaries and in amorphous solid solutions. Comparing with silicides growth via RD, which
has been more studied than germanides, one can note that GeTe nucleation energy is higher
than the usual activation energy of reaction (0.8 eV for Ni2Si [29], 0.9 eV for NisGes [41] for
example), and GeTe growth energy is of same order as for silicides effective self-diffusion
during RD (1.5 eV for Ni.Si [29] for example). The activation energy of nucleation is found
~40% higher in the homogeneous GeTe amorphous solid solution than at the a-Ge/poly-Te
interface. Furthermore, the nucleation time is shorter for RD below 175°C (see Fig. 4(b)). This
behavior is probably related to the different nature of nucleation in the two cases: homogeneous
in amorphous GeTe and heterogeneous at the a-Ge/poly-Te interface. The activation energy of
growth is found about 24% higher for GeTe crystallization from the stoichiometric amorphous
solid solution compared to RD from the a-Ge/poly-Te bilayer. However, growth kinetics is
faster for crystallization (see Fig. 2 and Fig. 3), as expected. Indeed, crystallization growth
kinetics should correspond to the “atom ordering” process, while RD should consist of both
atomic transport (atom diffusion in grain boundaries and interfaces) and “atomic ordering” (i.e.
reaction). One can note that the difference of growth kinetics between crystallization and RD
is not that significant (Fig. 2) and En > Eq during GeTe RD, suggesting that nucleation (or
reaction) may be the limiting process for GeTe RD, instead of self-diffusion for most of other
germanides. The fact that the activation energy of growth is found lower during RD could be

linked to point defect injection during RD. Indeed, atomic transport is in general several orders
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of magnitude faster during RD compared to equilibrium diffusion [46]. This effect has been

suggested to be due to point defect injection during low-temperature RD [46—-49].

4. Conclusion

GeTe crystallization has been compared to Ge/Te reactive diffusion aiming to improve
our knowledge of GeTe growth mechanisms using in situ XRD measurements and in situ TEM
observations. GeTe crystallization temperature was found to be T, = 170 °C = 5 °C during
isochronal annealing of ~ 0.9 K min~! in agreement with the literature. GeTe was found to
follow a two-steps-crystallization including Ge crystallization as already reported in former
investigations. The Ge crystallization observed during GeTe crystallization is probably linked
to a mechanism involving the second step of GeTe crystallization as they occur simultaneously,
but also because Ge crystallization is not observed during Ge/Te RD despite the presence of the
tenth-of-nanometer-thick a-Ge layer. GeTe formation during isochronal RD occurs at the same
temperature as GeTe crystallization (T, = 175 °C + 5°C). However, GeTe growth Kinetics as
well as the GeTe texture are different between crystallization and RD, and GeTe grain size is
about the double for RD at the end of annealing. Isothermal annealing shows that GeTe
crystallization and RD correspond to a 3D growth that can be modeled by the JIMAK model.
This model allowed the activation energies of nucleation and growth to be determined for the
two processes. Comparisons between kinetics and activation energies of crystallization and RD
show that GeTe is different from usual germanides: it follows a 3D growth instead of a 2D
growth during RD, which can be due to a peculiarly fast atomic transport kinetics compared to

reaction (i.e. nucleation) kinetics.
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FIGURE captions

Fig. 1: XRD patterns (1 = 0.154 nm) as a function of temperature acquired during in situ
isochronal annealing of ~ 0.9 K min~! for a) sample #1 (GeTe layer) and b) sample #2 (Ge/Te
bilayer).

Fig. 2: Normalized integrated intensities of diffraction peaks and average grain size (L) during
in situ XRD isochronal annealing of ~ 0.9 K min-1: sample #1 (GeTe layer), a-GeTe(202) (open
circles); and sample #2 (Ge/Te bilayer), hexagonal-Te(101) (solid squares) and a-GeTe(202)
(open squares).

Fig. 3: Normalized integrated intensity f(t) of the a-GeTe(202) diffraction peak versus time
recorded during in situ XRD isothermal annealing at various temperatures between 145°C and
190°C: a) and c) sample #1 (GeTe layer); b) and d) sample #2 (Ge/Te bilayer). The solid line
in a) and b) corresponds to a fit using the JIMAK model with the Avrami exponent n determined
from the corresponding signal ¢ = In(-In(1 — f(t))) in c) and d).

Fig. 4: Variations of a) the parameter In(x) and b) the nucleation time In(At) according to the
inverse of temperature for sample #1 (GeTe layer) and sample #2 (Ge/Te bilayer).

Fig. 5: Cross-section TEM images acquired during in situ sample #2 (Ge/Te) heating from RT
to 225°C: a) RT, b) 180°C, c¢) 205°C, and d) 225°C. The arrows are used to mark identical
locations in the different images. The added color highlights the new phase.

18



