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Laboratoire Verres et Céramiques, Sciences Chimiques de Rennes-UMR CNRS 6226, Campus de Beaulieu,
35052 Rennes Cedex, France
2

(Received 27 September 2011; accepted 18 November 2011; published online 12 December 2011)
In situ transmission electron microscopy (TEM) observations were performed for a better
understanding of the “melt quenched” GeTe crystallization mechanism. The evolution of the
crystallite morphology observed during annealing shows a growth-dominated crystallization
behavior. Scanning transmission electron microscopy—electron dispersive x-ray spectroscopy and
high resolution electron microscopy experiments were also performed on cycled GeTe devices,
C 2011 American
showing that void formation is responsible for the cell failure after 107 cycles. V
Institute of Physics. [doi:10.1063/1.3668095]

Phase change material (PCM) studies are mostly based
on the investigation of the “as-deposited” amorphous material crystallization.1–5 Few publications focus on the closest
form of amorphous material in the final devices, the socalled “melt quenched”6,7 form. The study of this amorphous
phase is made difficult since it requires the amorphization of
the material followed by the study of the “melt-quenched”
spot with a nanometric spatial resolution. However, it is of
prime importance to analyze this “melt-quenched” amorphized material, as it presents different properties from the
“as-deposited” material8,9 and because the crystallization
mechanism of phase change materials that occurs during the
functioning of the memory is of great relevance. The crystallisation proceeds following two types of mechanisms:10,11
(1) crystallization by nucleation that takes place both in the
interior and at the edges of the spot and (2) recrystallization
by growth that only happens by propagation from the crystalline amorphous boundary. These two types of behavior may
or may not be advantageous, depending on whether nucleation is desirable (the seeded nuclei can accelerate crystallization) or not (faster lost of data at low temperatures).
The aim of this work is first to demonstrate the nature of
the crystallization mechanism of “melt quenched” amorphous GeTe by in situ transmission electron microscopy
(TEM). Thereafter, the crystallization behavior of the material, integrated into a device, has been investigated following
several cycles.
The GeTe material was deposited using DC magnetron
sputtering from an elemental GeTe target. The composition
was checked by Rutherford back scattering spectrometry
(RBS). A 100 nm thick film was deposited on an insulator/
phase change material/insulator/metal (IPIM) structure that
allows the subsequent amorphization of the sample. The
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samples were then annealed under vacuum at 400  C, after
which, a series of amorphous spots was introduced in the
previously crystallized material by laser annealing. During
this process, the samples were exposed to laser pulses at a
preset power (70 mW) and duration (160 ns) using a pulsed
laser with a wavelength of 504 nm.
The samples were then prepared for in situ TEM observations by mechanical polishing and ion milling under N2
cooling. The in situ TEM observations were carried out
using a JEOL 2010 operating at 200 kV equipped with a
Gatan heating holder and a temperature controller. Video
sequences were recorded with a Megaview III camera at 25
frames per seconds. The samples were first heated to 100  C
at the maximum heating rate. They were subsequently
heated above 100  C at a rate of 10  C/min. The temperature
was then kept constant above the crystallization temperature
(180  C).
Afterwards, the material was integrated into devices
which were submitted to programming tests12 under reset/set
pulses and prepared by focus ion beam using Ga ion milling.
These samples were observed with a Tecnai Osiris TEM
operating at 120 kV dedicated to scanning transmission electron microscopy—electron dispersive x-ray spectroscopy
(STEM-EDS) analysis. Finally, high resolution electron microscopy (HREM) observations of these samples were made
with a FEI Tecnai microscope equipped with a field emission
gun and a spherical aberration corrector, operating at
200 kV.
Figure 1 illustrates the crystallization of the “melt
quenched” amorphous GeTe during an in situ TEM experiment. The four images have been extracted from a video
sequence at multiple time intervals in order to give an overview of the whole crystallization process at 155  C. The
amorphous spot is initially surrounded by the crystalline
GeTe material (Fig. 1(a)). The average spot size is 366 nm
with a statistical distribution of 28 nm. Note that the initial

99, 243103-1

C 2011 American Institute of Physics
V

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
193.49.32.251 On: Tue, 04 Feb 2014 09:12:46

author's personal copy
243103-2

Bastard et al.

Appl. Phys. Lett. 99, 243103 (2011)

From our measured values, we can plot the Arrhenius
law characteristics of the grain growth:17
lnðuÞ ¼ 

155°C

6

u in pm/s

size of the spot is represented by a white circle in Figure 1.
We observe that, during the isothermal annealing, some
grains from the crystalline matrix grow unequally. We also
note the absence of crystalline nuclei formation inside the
amorphous spot (Figs. 1(b) and 1(c)). After completion of the
crystallization process, the amorphous spot is barely distinguishable from the crystalline background (Fig. 1(d)). From
these observations, using our annealing conditions and sample preparation, we can conclude that GeTe has a growthdominated crystallization mechanism. In the literature, there
is no consensus regarding the crystallization behavior of
GeTe. Some results have shown that the compositions are
playing an important role in the crystallization mechanism of
GeTe.13,14 The sample preparation, thinner for TEM characterization and thicker for a static tester stack, can also disturb
this mechanism. However, in our case, for thin Ge53Te47
crystallized by thermal annealing, the video sequence shows
a crystallization mechanism dominated by growth.
Recently, Gawelda et al.15 have studied both the amorphous and crystalline transformations of GeTe under femto
and nanosecond irradiation. Although their experiment was
not performed in the same conditions as ours, they demonstrated a growth based crystallization behavior during the
first few irradiating pulses of the melt quench. With further
pulses, they observed a nucleation mechanism that became
dominant until complete crystallization was achieved.
In our work, the crystallization of the “melt quenched”
spots has been studied at three different temperatures (120,
140, and 155  C). This allowed us to determine the growth
rate, u, of the grains by measuring the average crystallite
size at each temperature before impingement with neighboring crystallites.
For multiple grains, we measured several different
growth rates of 4 6 3 pm/s, 32 6 15 pm/s, and 132 6 40 pm/s
at 120, 140, and 155  C, respectively. The large error bars
result from the difficulty in measuring the grain size.
“As-deposited” materials were investigated by Wuttig
and Steimer.16 They followed the varying number and size
of crystals during the crystallization process using AFM
measurements. They reported growth rates ranging from
7 pm/s to 60 nm/s for materials such as AgInSb2Te,
Ge2Sb2Te5, and Ge4Sb1Te5. These growth rates are comparable to those measured in our work.

(1)

where Eu is the activation energy for growth, kB the Boltzmann constant, and C a constant. These data are shown in
Figure 2. From the slope, we obtain the activation energy for
growth which is 1.45 6 0.38 eV (Fig. 2). We can reasonably
assume a temperature uncertainty of þ/5  C with respect to
the temperature controller setting. In addition, the electron
beam is known to affect the crystallization process due to
local heating7 so we also assume that the temperature inside
the material is higher than that stated. The value of Eu
obtained above is, therefore, an underestimation of the real
activation energy.
Previously, only one value of the activation energy for
GeTe growth has been reported in the literature.18 This study
focused on the crystallization mechanism of the “asdeposited” material and a value of Eu ¼ 1.77 6 0.14 eV was
measured, which is, taking into account the error bars, close
to our measurement.
This study has given us a better understanding of the
GeTe crystallisation mechanism but this raises questions as
to how the material behaves following repeated amorphization/crystallization cycles. Thus, we performed endurance
measurements via programming tests on GeTe for up to 107
cycles. The STEM-EDS maps of the same GeTe device after
one step of “melt quenched” amorphization and after 107
cycles of “melt quenched” amorphization/crystallization are
shown in Figs. 3(a) and 3(b), respectively. The element composition of the device is represented using different colors.
In the second image (Fig. 3(b)), we note the presence of
voids at the PCM/heater interface which is attributed to the
damage caused by successive cycles. No segregation of Ge
or Te elements was observed in the EDS profile. Additional
HREM observations of these cycled devices showed that
thinner regions appear at the interface with the heater (Fig.
3(c)). This is confirmed by thickness mapping performed in
electron energy loss spectroscopy (EELS). Such void formation after cycling is currently observed in other cycled devices19,20 and is shown to be due to material stress at the
interface with the heater. Thus, the potential origin of the device failure may be due to density variation of the material
during successive cycles.

ln(u)

FIG. 1. TEM bright field images selected from the in situ crystallization
sequence of the GeTe “melt quenched” spot at 155  C.

Eu
þ C;
kB T

140°C

120°C

4
Eu = 1.45 ± 0.38eV

2

0

26

27

28

29

30

31

1/kBT (eV-1)

FIG. 2. (Color online) Activation energy for growth extracted from the
slope of the Arrhenius plot (Eq. (1)) dotted lines represent error bars.
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FIG. 3. (Color online) STEM-EDS maps of GeTe devices after (a) one
amorphization and (b) after 107 cycles. Contrast colors correspond to the different elements of the device. (c) HREM image taken of the dark region
encircled in (b).

In conclusion, we have demonstrated, using in situ
TEM observations, that the crystallization mechanism of
“melt quenched” GeTe is dominated by growth from the
crystalline/amorphous boundary. The study of cycled devices shows that the failure may be due to a change of
density during cycling, which eventually leads to voids
formation.
The in situ TEM observations were performed within
the METSA network.
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